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ABSTRACT 
This research study evaluates the performance of geosynthetic material for subgrade 
stabilization and base reinforcement of unpaved test sections. For this purpose, extensive large-
scale in-box static plate load tests were conducted on several unreinforced and geosynthetic 
reinforced, unpaved test sections. This research was conducted in Geotechnical Engineering 
Research Laboratory (GERL) at Louisiana Transportation Research Center (LTRC). 
The in-box static plate load tests (ASTM D1196-93) were conducted to evaluate the 
performance and benefits of geosynthetic material for subgrade stabilization/base reinforcement. 
A total of forty-seven tests were performed in this regard. The quality control of the section was 
maintained using non-destructive in-situ tests such as nuclear-density gauge, geogauge, dynamic 
cone penetrometer (DCP), and light falling weight deflectometer (LFWD). These devices were 
used as effective tools in the assessment of subgrade and base course layers and for the 
evaluation of stiffness modulus of the different sections. The test results showed that the 
presence of geosynthetic reinforcement can significantly improve the bearing capacity of the 
unpaved test section, thus reducing the accumulated permanent deformation in the subgrade 
layer. The test results showed that the inclusion of reinforcement improved the bearing capacity 
ratio, and redistributed the applied load to a wider area, thus minimizing stress concentration, as 
well as achieving a more uniform stress distribution on top of subgrade layer. In addition, single-
stage and multi-stage repeated load triaxial tests were also conducted on two layered (base-
subgrade), small specimens to assess the effectiveness of placing the geosynthetic material (type 
and tensile modulus) at the interface of the base-subgrade specimens. These test results also 
demonstrated that inclusion of reinforcement reduced the permanent vertical deformation of the 
specimens.  
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Chapter 1: INTRODUCTION 
1.1 Motivation of the Study 
A flexible pavement structure consists of several layers of which the most bottom layer is 
called pavement foundation or subgrade. Subgrade strength and stiffness are very important for 
design, construction, and performance of pavement structures. As the traffic increases day after 
day, traffic loading on pavements also increases, causing more distress on pavement roadways. 
Traffic loading is a major factor in the design of pavement structure. The response of the 
subgrade layer is greatest, due to the increased traffic loading. In addition, increases in traffic 
loading, fatigue cracking, bleeding, block cracking, depression, corrugation and shoving, joint 
reflection cracking, potholes, raveling, and rutting distresses can occur on pavements built over a 
weak subgrade layer. Therefore, it is better to design a supporting layer that can withstand the 
high traffic loading and thus reduce the material cost. The design of flexible pavements over 
weak subgrades has always challenged pavement design engineers. Yet the use of a geosynthetic 
material to stabilize and/or reinforce the subgrade layer within the pavement structure can offer a 
cost-effective alternative solution to this problem. During the past three decades, many studies 
have been performed to investigate the behavior of geosynthetic-reinforced paved roads (e.g., 
Han et al., 2011; Abu-Farsakh et al., 2007; Nazzal et al., 2007; Perkins, 1999, 2001, 2002; 
Perkins et al., 2003, 2009; Berg et al., 2000; and Al-Qadi et al., 1994). The benefits 
(reinforcement, stabilization, separator and filtration) derived from the geotextile functions are 
most significant when the subgrade soils are weak, i.e., CBR < 3 (FHWA, 2007). However, the 
long-term benefits (improved pavement performance over time) from a separation application of 
geotextile where the subgrade is competent (i.e., CBR > 3) and close to surface, may be found in 
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roads 30 years old that have been exhumed, revealing that they have maintained a full structural 
section since they were built over a geotextile (Kinney et al., 1998). 
1.2 Introduction of the Problem 
Weak subgrades are a common problem in road construction. Whether it is a temporary 
access road or a permanent road built over a weak subgrade, a large deformation of the subgrade 
can lead to deterioration of the paved or unpaved surface. The use of geosynthetic material in 
unpaved roads built over a weak subgrade is known to provide a reinforcing benefit to the 
roadway sections. Geogrids and geotextiles help distribute the loads more efficiently, increase 
the effective bearing capacity of the subgrade, and hence provide a better alternative to costly, 
conventional, stabilization methods. Geosynthetic materials have been widely used as 
reinforcement in structures with unbound materials, such as pavements, slopes, retaining walls, 
and embankments. Geosynthetic stabilization and reinforcement is a mechanical process. 
Geosynthetics placed either on top of the subgrade or within the base course layer, works with 
the soil and granular material to create a reinforced section through separation, confinement, 
and/or reinforcement functions. Several studies have shown that in a pavement system, the 
inclusion of geosynthetic materials at the interface between the pavement base course and 
subgrade can signiﬁcantly improve the performance of the pavement structure on a weak 
subgrade, based on both laboratory tests and full-scale ﬁeld experiments (Barksdale et al. 1989, 
Al-Qadi et al. 1994, 2007, Perkins 1999, Hufenus et al. 2006). Due to the soft nature of 
Louisiana soils, it is a common practice to stabilize the subgrade layer to create a working 
platform for pavement construction. For pavements built over weak subgrade, distresses are first 
identified along the wheel path, followed by top-down cracks (Tarefder et al., 2008). Advanced 
pavement distresses are inclusive of widening longitudinal cracks, side-by-side cracking, rutting, 
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shoving, and potholes. Weak subgrade may be stabilized, using geosynthetic materials such as an 
alternative to lime or cement stabilization, to create a working platform and to resist the surface 
vehicular load. Geosynthetic material (mainly geogrids) may also be used to reinforce the base 
layer within the pavement section. Figure 1.1 represents a typical section of a pavement structure 
with one layer of geosynthetic material placed at the base-subgrade interface. 
 
Figure 1.1: Schematic of a pavement section (Ullidtz, 1987) 
Paved and unpaved roadways are stabilized for long-term, using geosynthetics with two 
different mechanisms. In the first mechanism, when the aggregate is compacted over the top of a 
geosynthetics, the individual stones are "seated", making impressions in the geotextile and the 
subgrade.  This interaction locks the bottom of the aggregate into a fixed position, thus 
stabilizing the aggregate layer indefinitely.  An expensive geosynthetics is unnecessary to 
mobilize this interaction stabilization.  In the second mechanism, the subgrade soil is stabilized 
beneath the geosynthetics.  This is because as the soil is loaded from the top, the surrounding soil 
is held in place, preventing a local punching, or shear failure.  This change in the soil failure 
mode from local shear to general shear allows about 80% additional loading before the soils 
strength is exceeded (Brown, 1996).  This mechanism allows for a reduced structural section 
over a subgrade stabilized with a geotextile.  The use of less base aggregate and/or pavement 
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section thickness over a geotextile saves the owner up-front costs, while the permanent 
preservation of the entire structural section will save the owner costs down the road, with 
additional years of maintenance-free service (Tarefder et al., 2008).  
1.3 Objectives and Scope of the Study 
The main objective of this research is to evaluate the performance of geosynthetics (geogrids 
and geotextiles) stabilization of subgrade, and/or the reinforcement in base course layers of 
unpaved test sections. For this purpose, extensive large-scale in-box static plate load tests were 
conducted on several unreinforced and geosynthetic reinforced unpaved test sections. The 
parameters investigated in this study included the type of geosynthetic material (geogrid versus 
geotextile), location of geosynthetic material, and geosynthetic tensile modulus. The initial and 
reloading elastic modulus, effectiveness of base course layer, the failure mechanism of the test 
section, and an analytical solution of the reinforced, unpaved test section were also investigated. 
In addition, stress distribution on top of the subgrade layer, stress distribution angle, the 
permanent vertical deformation of the test sections, and strain distribution along the geosynthetic 
reinforcements were investigated in this study. The results of the laboratory tests were compared 
together with the analytical solutions provided in literature.  
Moreover, several single-stage and multi-stage repeated load triaxial tests were conducted on 
two-layer (base-subgrade) specimens to evaluate the behavior and effectiveness of geosynthetic 
material (type and tensile modulus), placed at the base-subgrade interface. The reduction in 
vertical permanent strain (RPS) of a two-layer soil system was used in this evaluation. The test 
results showed that geosynthetic materials placed at the interface of base-subgrade specimens 
serves to reduce the permanent deformation, and hence improves the performance of two-layer 
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specimens. Multi-stage RLT tests also evaluated the performance of two-layer specimens. These 
tests showed how many cycle improvements occurred in each specimen after using various types 
of geosynthetic materials. 
1.4 Research Work Plan   
This thesis consists of seven chapters. The following is a brief summary of the contents in 
each chapter. 
Chapter 2 presents the literature review related to experimental and analytical studies of 
geosynthetic-reinforced, unpaved test sections. 
Chapter 3 describes the materials used in this study and the experimental testing programs, 
both for in-box laboratory tests and repeated load triaxial tests. 
Chapter 4 presents full details of test results and an analytical discussion of the in-box static 
plate load tests.  
Chapter 5 discusses the analytical results of experimental testing. 
Chapter 6 presents full details of the analysis and test results of repeated load triaxial testing. 
Finally, Chapter 7 presents summaries and conclusions of this research work, and provides 
some recommendations for future research. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
The following chapter presents the literature that contains the main topic of this thesis, 
importantly focused on the behavior of different types of geosynthetic materials that are used as 
a subgrade stabilization and base reinforcement in a pavement structure.  
2.2 Geogrid and Geotextile Reinforced Geomaterials 
The use of inclusions such as geosynthetics to improve the mechanical properties of 
geomaterials dates to ancient times. Studies show that, geosynthetics can extend the service life 
of pavements (e.g., Nazzal et al., 2007; Abu-Farsakh et al., 2007; Perkins 2002, 2003; Perkins et 
al., 2009; Al-Qadi et al., 1997; and Cancelli and Montanelli, 1999), reduce base course thickness 
for a given service life (e.g., Cancelli and Montanelli, 1999; Montanelli et al., 1997), and delay 
rutting development (Moghaddas-Nejad and Small, 1996; Kinney et al., 1998). Currently, three 
main geosynthetic families of products are used as geomaterial reinforcement: geogrids, 
geotextiles, and synthetic fibers.  
The most common type of geosynthetics used for the reinforcement of base course layers in 
flexible pavements is geogrids. Geogrids are characterized by large openings made by coating 
either woven or knit products to form a grid (polyester geogrids), welding oriented strands to 
form a grid (polyester geogrids), or punching holes in flat sheets, then drawing them to align the 
polymer molecules (polypropylene and polyethylene geogrids). The polyester geogrids are 
flexible, while the polypropylene and polyethylene geogrids are rigid. The granular soil particles 
can partially penetrate through the apertures of geogrids, thus creating a strong, interlocking 
action (Nazzal, 2007). The apertures are either elongated ellipses, near squares with rounded 
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corners, squares, rectangles, or triangles (Figure 2.1). The key feature of geogrids is that the 
apertures are large enough to allow material strike through from one side of the geogrid to the 
other. The ribs of the geogrids are often stiff, compared to the fibers of geotextiles. The rib 
strength and junction strength are important parameters. The reason for this is that the soil strike-
through within the apertures bears against the transverse ribs, which transmit the forces to the 
longitudinal ribs via the junctions (Nazzal, 2007). The junctions are where the longitudinal and 
transverse ribs meet and are connected. Geogrids are commercially available at different types 
(sizes and shapes), and tensile elastic moduli. Using geosynthetics as reinforcement for base and 
subgrade layers has recently been distinguished as one of the most desirable alternatives that has 
the potential to solve the problem of pavements built over weak subgrades with considerable cost 
savings.  
 
Figure 2.1: Geogrids 
Geotextiles are another type of geosynthetic materials used for both stabilization and 
reinforcement of subgrade and for base aggregate layer in pavements. Geotextiles are permeable 
textile structures made of polymeric materials. They are used for reinforcement, stabilization, 
separator and filtration purposes. The polymers are formed into geotextiles, using either woven 
or non-woven methods (Figure 2.2). Each has its own unique applications and benefits. In 
general, woven geotextiles exhibit high tensile modulus and low elongation; while nonwovens 
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geotextiles exhibit usually lower tensile modulus, higher elongation and higher flow rates. As a 
continuous sheet, geotextiles can also function as a separator (in addition to reinforcement), thus 
prevent intermixing of aggregate base and the subgrade materials. Geotextiles is a stiff material 
placed on a soft subgrade to maintain its full thickness integrity throughout the service life of the 
pavement (Figure 2.3). Generally, nonwoven geotextiles are used for separation and filtration; 
while high strength woven geotextiles are used for both base reinforcement and subgrade 
stabilization in addition to separation. Geotextile materials in pavements are always placed at the 
base-subgrade interface, thus functioning as separator, subgrade stabilizer and base 
reinforcement. 
          
      Non-woven                    Woven 
Figure 2.2: Geotextiles 
Early attempts using geotextiles (Ruddock et al., 1982; Halliday and Potter, 1984) indicated 
little improvement in rut development characteristics that could be attributed to geotextile 
reinforcement. This is probably due to the lower stiffness of geotextiles, compared to geogrids 
((Brown et al., 1982). For studies involving both geogrids and geotextile, Anderson and Killeavy 
(1989), and Barksdale et al. (1989) have demonstrated that geogrids are superior to geotextiles 
when used as a reinforcement member; while Al-Qadi et al. (1994) showed that superior 
performance was seen when a geotextile was used. With the introduction of high strength 
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geotextiles, it is believed that geotextiles can perform as well as geogrids in stabilizing subgrade 
layer and reinforcing base course layer in both unpaved and paved roadways. 
 
Figure 2.3: Migration of base course particles into subgrade (Berg et al., 2000) 
2.3 Influence of Geosynthetic Material 
The aggregate base course materials interact with the geogrid reinforcement principally by 
interlocking within the apertures. The ribs of the geogrid confine the aggregate, which results in 
resisting the lateral movement of the aggregate when the base course is loaded at the surface. 
Perkins (1999) attributes four benefits to base course material confinement for flexible, paved 
roadways. These four benefits also exist for unpaved roadways. The benefits can be summarized 
as follows: 
i. Prevent the lateral movement of the base course material, which results in reducing the 
surface rutting or permanent vertical deformation. 
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ii. Increase the elastic stiffness modulus of the base course material, which results in 
reducing the vertical strains within the base course. 
iii. Improve the flexural stiffness of the base course, which results in distributing the traffic 
loads on a larger area, and hence reduces the maximum vertical stress on the subgrade. 
iv. Reduce the shear stress transmitted from the base course to the subgrade, which increases 
the bearing capacity of the subgrade. 
For unpaved roads, there are additional potential benefits to the base course provided by 
geosynthetic reinforcement (Giroud and Han, 2004): 
v. Prevent the shear failure within the base course layer. 
vi. Provide tensioned membrane direct support of traffic load after significant rutting, where 
traffic is channelized. 
vii. Prevent tension cracking at the bottom of the base course, which minimizes the 
contamination effects of the base course material with subgrade soil. 
viii. Prevent the loss of base course aggregate through penetration into soft subgrade soil. 
2.4 Geosynthetic Reinforcement Mechanisms 
Previous studies involving geosynthetic reinforcement of the base course layer have 
identified three fundamental reinforcement mechanisms: lateral confinement, increase of the 
bearing capacity, and the tension membrane effect (e.g., Perkins, 1999; Berg et al., 2000). These 
mechanisms are described below. 
(a) Lateral Confinement Mechanism 
The application of a vertical load induces lateral forces, which tend to spread the aggregate 
particles laterally, and thus lead to local deformations of the fill (Hufenus et al., 2006). Due to 
frictional interaction and interlocking between the granular base material and the geosynthetic 
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(mainly geogrids), the aggregate particles are restrained from moving laterally at the interface 
between the geosynthetic and the base material (Jenner and Paul, 2000). The reinforcement can 
also absorb additional shear stresses between the subgrade and base material (Floss and Gold, 
1994; Meyer and Elias, 1999), which would otherwise be applied to the soft subgrade (Houlsby 
and Jewell, 1990). This improves the load distribution on top of the subgrade layer (Moghaddas-
Nejad and Small, 1996) and reduces the necessary base thickness. The confining mechanism 
does not imply the need for significant rut depths to form (Collin et al., 1996; Perkins and 
Ismeik, 1997), and therefore is also of interest for permanent paved roads (Sellmeijer, 1990). The 
effectiveness of the reinforcement not only depends on the adequate load transmission to the 
granular base material (via friction and interlocking), but also in the improvement by the higher 
stiffness of the geosynthetic (Cancelli et al., 1996; Kinney and Xiaolin, 1995).  
The lateral restraint is considered the primary function of geosynthetic reinforcement; it 
develops mainly through the shear interaction of the base course layer and geogrid/geotextile 
layer (or layers) placed within or at the bottom of the base aggregate layer, as shown in Figure 
2.4. By laterally restraining the geomaterial, four components of reinforcement may be 
potentially achieved. The first component is related to a direct prevention of lateral spreading of 
the base course material. The cohesionless materials that make up the base have little tensile 
resistance, and so these generally depend on the subgrade to provide lateral restraint. In weak 
subgrades, very little lateral restraint is provided. Thus, the aggregate particles at the bottom of 
the base tend to move apart. The placement of a geogrid layer (or layers) in the base course 
allows for any shear interaction to develop between the aggregate and the geogrid, as the base 
attempts to spread laterally; this most likely emanates from particles of granular material 
becoming wedged in the aperture of the geogrids (Figure 2.5). The tensile load is effectively 
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transmitted from the base course aggregate to the geogrid, since the geogrid is considerably 
stiffer in tension compared to the aggregate; consequently, this will reduce any developed lateral 
tensile strain. The second component of the lateral restraint mechanism results from an increase 
in stiffness of the base course aggregate when adequate interaction develop between the base and 
the geogrids/geotextiles. The shear stress developed between the base course aggregates and the 
geogrids/geotextiles provides an increase in lateral stress within the base course layer (Perkins, 
1999). This tends to increase in the modulus of the base course material (Rodriguez et al., 1988). 
This increase in stiffness of the base layer will results in lower vertical strains in the base, thus 
lowering the rut depth. 
 
Figure 2.4: Lateral Restraint Reinforcement Mechanisms (Berg et al., 2000) 
The third lateral reinforcement component results from an improved vertical stress 
distribution on the subgrade. The presence of a geosynthetic layer within the base aggregate can 
lead to a change in the state of stress and strain in the subgrade. For layered pavement systems in 
which a weaker subgrade material lies beneath the base, an increase in the stiffness of base 
course layer results in an improved vertical stress distribution on top of the subgrade layer. In 
general, the vertical stress in the base and on top of the subgrade layer directly beneath the 
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applied load will decrease as the stiffness of the base course layer increase, such that the vertical 
stress on the subgrade will become more widely distributed (Figure 2.6). 
 
Figure 2.5: The Mechanism of Interlock (Perkins and Ismiek, 1999) 
 
 
Figure 2.6: Improved Stress Distribution on Subgrade Layer (Huang, 2004) 
Finally, the fourth reinforcement mechanisms result from the reduction of shear stress in 
subgrade soil. It is expected that those shear stresses transmitted from the base course layer to the 
subgrade layer would decrease as the shearing of the base transmits a tensile load to the 
reinforcement through a pullout mechanism. Additional types and mechanisms of reinforcement 
– surface friction along the geogrid, passive thrust against the geogrid’s bearing ribs, aggregate 
interlocking between the apertures, and/or soil (soil friction) can be mobilized by the presence of 
geosynthetics, depending on the application and type of environmental and loading conditions 
(Shukla, 2002).  
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(b) Increase of the Bearing Capacity Mechanism 
Several researchers (e.g., Berg et al., 2000; Chen 2007) found that the inclusion of 
reinforcement resulted in an increase in the ultimate bearing capacity of reinforced geomaterial. 
The improved bearing capacity is achieved by shifting the failure envelope of the pavement 
system from a relatively weak subgrade to a relatively stiff base layer, as illustrated in Figure 
2.7. As a result, the bearing failure model of subgrade may change from a punching failure 
without reinforcement to a general failure with ideal reinforcement. Binquet and Lee (1975) 
pioneered in recognizing the benefit of this mechanism. 
 
Figure 2.7: Improved Bearing Capacity caused by base reinforcement (Berg et al., 2000) 
A standard approach to designing unpaved roads and foundations reinforced with 
geosynthetics is the assumption that the bearing capacity of the composite base/weak subgrade 
layer is improved. The beneficial effect of reinforcement for increasing the ultimate bearing 
capacity has been expressed in terms of a dimensionless quantity, known as the Bearing Capacity 
Ratio (BCR), defined as: 
     
   
  
        (2.1) 
Where     is the geomaterial ultimate bearing capacity with the inclusion of reinforcement 
given as specified settlement and    is the geomaterial ultimate bearing capacity in unreinforced 
soil at specified settlement.  
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(c) Tension Membrane Mechanism 
The tension membrane effect develops as a result of vertical deformation, creating a concave 
shape in the tensioned geogrid layer, as demonstrated in Figure 2.8. The vertical component of 
the tension membrane force can reduce the vertical stress acting on the subgrade. Some 
displacement is needed to mobilize the tension membrane effect. Generally, a higher deformation 
is required for the mobilization of tensile membrane resistance as the stiffness of the 
geosynthetic decreases. In order for this type of reinforcement mode to be significant, there is a 
consensus that the subgrade CBR should be less than 3 (Barksdale et al., 1989). This mechanism 
works better in unpaved roads in which a larger settlement is allowed, rather than in paved 
roadways. 
 
Figure 2.8: Tension Membrane Mechanisms (Berg et al., 2000). 
(d) Improvement in Subgrade Strength 
The geosynthetics material has a very good interlocking and frictional capabilities and 
therefore provides tensile resistance to any further lateral movements, thus improving the 
strength of soil samples with low CBR (Williams et al., 2007). The geosynthetic used in the 
roadway therefore helps to improve the bearing capacity of the low CBR soil samples by forcing 
the potential bearing capacity failure surface to move to an alternate, higher strength path. The 
tensile stress that develops in the geosynthetic is the result of the development of rut or 
deformation in the soil sample, which leads to a formation of membrane type support. Since the 
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geosynthetic used in Williams et al. (2007) experiment has a high tensile modulus, the tensile 
stresses developed in the geosynthetic membrane and the vertical component of the membrane 
stress was able to allow the weak soil to support the applied stress due to loading. During the 
application of stresses, the geosynthetics mobilized its tensile modulus or tensile strength via the 
deformation of the soil (Williams et al., 2007). The improvement of strength and CBR of 
subgrade material with the inclusion of geosynthetics material depends on the soil characteristics 
and the in situ CBR value of the subgrade soil. Subgrade soils with low CBR have higher 
benefits in terms of improved strength than those with higher in situ CBR values. Geosynthetics 
reinforcement of geomaterials leads to a decrease in surface penetration and deformation, and 
hence leads to improvement in the stress distribution on the soil sample. This means that the 
inclusion of geosynthetic reinforcement will increase the soil resistance to both dynamic and 
cyclic loadings. 
2.5 Effectiveness of Geogrid Reinforcement 
Tang et al. (2008) demonstrated that the effectiveness of using geogrids as reinforcing 
elements for subgrade stabilization depends on the coefficient of interaction between the geogrid 
and the surrounding material that can be determined through pull-out tests. A strong correlation 
between aperture opening and interaction coefficient indicates that the aperture opening of the 
geogrid plays an important role in its interaction with the geogrid materials. Although ultimate 
tensile strength and junction strength are not strongly correlated with the coefficient of 
interaction, these are expected to be important, intrinsic properties of geogrids for gaining high 
pull-out resistance. The geogrid showing the highest junction strength demonstrated the best 
pull-out resistance, according to the relationship developed between the pull-out force and the 
telltale displacements. The aperture size, tensile strength at small strains, junction strength, and 
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flexural rigidity were recognized as the most important attributes of geogrids in pavement 
subgrade stabilization (Tang et al., 2008). 
Geogrids placed in unbound subbase layers, as well as on top of the subgrade layer, can 
improve the performance of road constructions. It has been proven using large-scale tests that the 
elongation in the geogrid is a suitable kick-off to predict the behavior of reinforced aggregate 
layers. Independently from the caused deformations at the surface of the reinforced subbase 
layer, the elongation of the geogrid is limited to ε < 2 %. Therefore, the interaction resistance 
which occurs instantly at very small deformations in the geogrid layer is more important than its 
ultimate tensile strength. The measured improvements have been divided between those related 
to reducing permanent deformations (or rutting) and those measurable in terms of increasing in 
the bearing capacity. Under appropriate conditions for the use of geosynthetics, these 
improvements have resulted in 30 % less rutting and 40 % higher bearing capacity. The optimum 
circumstances are described in Tang et al. (2008). 
2.6 Static Plate Load Test (PLT) 
The plate load test (PLT) has been a useful site investigation tool for many years and has 
been used for proof testing of pavement structure layers in many European countries. Currently, 
it is used for testing both rigid and flexible pavements. The test consists of loading a circular 
plate that is in close contact with the layer to be tested and then measuring deflections under load 
increments. The plates used for runways are usually 76.2 cm (30 inch) in diameter, while for 
roads they are usually smaller, with a diameter of 30.5 cm (12 inch). In order to prevent bending 
of the plate, other plates with decreasing diameters are usually placed on top of it. The load is 
transmitted to the plates by a hydraulic jack, acting against heavy mobile equipment as a reaction 
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plate. The corresponding deflection is usually measured at four points on the plate surface, and at 
right angles to one another, by means of dial gages attached to a horizontal beam, with its 
supports placed far enough away from the plate, such that it will not be affected by any applied 
load (Rodriguez et al., 1988).  
 
Figure 2.9: Typical load-deformation curve for plate load test on soil (Nazzal, 2007). 
Plate load tests can be conducted using variable procedures, depending on the information 
desired. In all cases, when a load is applied to the plate, the plate deflects according to the 
general relationship shown in Figure 2.9. From this figure, one can calculate the initial elastic 
modulus (  ), reloading elastic modulus (   ), modulus of subgrade reaction (k), and bearing 
capacity (  ) of the unpaved test section. The load must be sustained on the plate until all 
measured settlement has diminished; this is done to ensure that the true deflection for each load 
increment is obtained. The time required for settlement is determined by plotting a time-
deformation curve while the test is in progress, and identifying where this curve has become 
essentially horizontal. Generally, a load increment is applied when the rate of deformation has 
approached about 0.001 in/min (Holtz et al., 1981). 
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2.7 PLT Moduli 
Plate loading tests can be used to estimate the modulus of subgrade reaction (k). 
Determination of the modulus of subgrade reaction is made in the field on the selected subgrade 
soil at its natural moisture content. The modulus of subgrade reaction can be calculated using the 
following relation (Yoder and Witczak, 1975): 
  
 
 
           (2.2) 
Where, 
             p = unit load on plate  
δ = deflection of the plate 
In addition, the PLT can be used to determine the elastic stiffness modulus of different 
pavement layers. Usually, the load is often cycled several times to measure a more stable elastic 
stiffness (Fleming et al. 2001). The general equation used to determine the elastic static modulus 
for the PLT is as follows (Yoder and Witczak, 1975): 
     
      
 
           (2.3) 
Where, 
     = plate load elastic modulus 
p = applied pressure 
R = radius of plate 
δ = deflection of plate at pressure, p 
1.18 = factor for rigid plate 
The factor of 1.18 in Equation 2.3 is based on a Poisson’s ratio of 0.5. It has been noted that 
the materials used in roadway construction have Poisson’s ratios, typically ranging from 0.25 to 
0.4, which might introduce some error with these types of materials (Horhota, 1996). 
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The German Code for the design of flexible pavement structures specifies performing in-situ 
plate-bearing tests on constructed pavement layers. For the second cycle of the regular plate-
bearing test, the German code defines a reloading stiffness modulus called    , using the 
following equation (Livneh and Goldberg, 2001): 
    
        
   
                   (2.4) 
Where, p = applied load by the end of the second cycle 
δ = deflection under the second loading cycle of the plate 
The German code specifies a minimum, static plate load, reloading stiffness modulus (   ), 
of 45 MPa at the top of the subgrade. In addition, performing the plate-bearing test is also 
mandatory at the top of the subbase, with a minimum value    of 120 MPa for light traffic and 
150 MPa for heavy traffic (Livneh and Goldberg, 2001). 
2.8 Analytical Study  
Based on the literature review and the results of experimental study conducted by Chen 
(2007) and Abu-Farsakh et al. (2008), five possible failure modes can be identified for reinforced 
soil foundations, as illustrated in Figure 2.10: a) failure above the top layer of reinforcement 
(Binquet and Lee, 1975); b) failure between reinforcement layers (Wayne et al., 1998); c) failure 
similar to footings on a two-layer soil system (strong soil layer over weak soil layer) (Wayne et 
al., 1998); d) bearing failure within reinforced zone (Sharma et al., 2009); and e) partially 
punching shear failure of reinforced zone, followed by general shear failure (Chen et al., 2009). 
In our case, the unpaved test section is a two layer system, so the failure similar to footings on a 
two layer soil system (strong soil layer over weak soil layer) (Wayne et al., 1998 and Chen et al., 
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2009) is applicable. Among the five cases, cases (c) and (e) are similar to our research study. 
Cases (c) and (e) demonstrated models that are similar to crushed limestone over weak subgrade 
soil. Either of these two models may be used in our analytical solution. 
For case (c) (strong soil layer over weak soil layer), the ultimate bearing capacity can be 
given by modifying the Meyerhof and Hanna’s (1978) solution to incorporate the confinement 
effect of reinforcement. For square footing over reinforced soil foundation with horizontal 
reinforcement (Sharma et al., 2009): 
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Where,       is the ultimate bearing capacity of reinforced soil foundation;       is the 
ultimate bearing capacity of the underlying, unreinforced soil;    is the unit weight of soil in 
reinforced zone;    is the embedment depth of the footing;    is the punching shear coefficient, 
which depends on the friction angle of soil in the reinforced zone as well as the ultimate bearing 
capacity of soil in both the reinforced zone and the underlying unreinforced zone;    is the 
friction angle of soil in the reinforced zone; and N is the number of reinforcement layers.  
The formula for ultimate bearing capacity of circular footings on a reinforced soil foundation 
with horizontal reinforcement can be given as (Sharma et al., 2009): 
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a)  
b)  
c)  
d)  
e)  
 
Figure 2.10: Failure modes of reinforced soil foundation. (a) Failure above top layer 
reinforcement (after Binquet and Lee, 1975); (b) Failure between reinforcement layers (after 
Wayne et al., 1998); (c) Failure similar to footings on a two-layer soil system (after Wayne et al., 
1998); (d) Failure within reinforced zone. (Sharma et al., 2009); (e) Partially punching shear 
failure of reinforced zone, followed by general shear failure (Chen et al., 2009). 
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In an unreinforced zone, the ultimate bearing capacity for circular footing is given as 
(Sharma et al., 2009): 
                                     (2.7) 
Where,    is the cohesion of soil in unreinforced zone; q is the surcharge load; and d is the 
thickness of the reinforced zone. 
Adding equation (2.6) and (2.7), we can get the ultimate bearing capacity of the reinforced 
test section by using the plate load test in a test box with crushed limestone over weak soil 
(Sharma et al., 2009). 
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In case e (partially punching shear failure of reinforced zone followed by general shear 
failure); Chen et al (2009) developed the following equation to calculate the ultimate bearing 
capacity of reinforced crushed limestone over a weak subgrade soil for circular footing:  
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For horizontal confinement effect of reinforcement (Chen et al., 2009): 
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For reinforcement tension along the faces aa’c and bb’c of soil wedge abb’ca’ (Chen et al., 
2009). 
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2.9 Stress Distribution Angle 
The stress distribution angle (𝛼) of the applied surface vehicular load plays an important role 
in stress distribution, when a base course is constructed over a weak subgrade. Three approaches 
exist to describe the stress distribution and to calculate the stress distribution angle (𝛼): a) based 
on the maximum vertical stress at the center of the interface between base and subgrade; b) based 
on the area within which the majority of the load is distributed (assumed 95%) (Lawton, 1995); 
and c) based on the shape of the deflections on the surface and at the interface between base and 
subgrade (Sigurdsson, 1991).  
 
Figure 2.11: Stress distribution angle (𝛼) 
Giroud and Han (2011) adopted the first approach, because the maximum vertical stress is 
more critical for bearing failure in weak subgrades. This thesis study will adopt the first 
approach. According to Han et al. (2011), the stress distribution (  ) at the interface between the 
base course and the subgrade can be estimated using the following equation: 
25 
 
    
 
            
      (2.13) 
Where, P = uniformly applied wheel load at surface 
    r = circular area having a radius 
   h = thickness of base course (vertical stress is distributed to this depth) 
   𝛼 = stress distribution angle 
      = vertical stress (pressure) at interface between base and subgrade layer 
The stress distribution angle (𝛼) depends on the tensile modulus of geosynthetic material. A 
higher tensile modulus of geosynthetic material usually yields a higher stress distribution angle. 
An increase of the stress distribution angle means that the vertical load will spread on a wider 
area. Consequently, the deformation in subgrade and base layer will reduce to a great extent. 
2.10 Equivalent Thickness 
Giroud and Noiray (1981) found that the benefit of geosynthetic reinforcement is equivalent 
to increasing the thickness of the base course. However, the benefit from the geosynthetic 
reinforcement is considered equivalent to increasing the modulus of the base course. Before 
Boussinesq’s solution used, Odemark’s method (Ullidtz, 1987) can be employed to transform a 
two layer system (i.e. the base course and the subgrade) into an equivalent homogenous system. 
From the following formula, the equivalent thickness can be calculated (Han et al., 2011): 
     [
    (    
 )
           
]
 
 
      (2.14) 
Where,   = thickness of base course 
   = equivalent thickness 
26 
 
     Elastic Modulus of base course 
     Elastic Modulus of subgrade 
    Poisson’s ratio of base course  
    Poisson’s ratio of subgrade  
From the measured vertical stress at the center of the interface between the base course and 
the subgrade, the equivalent thickness of the base course can be calculated by using the 
following Boussinesq solution; then the modulus of the base course can be estimated from 
equation (2.14), if the modulus of the subgrade is known (Han et al., 2011): 
     [  
  
 
       
     
]     (2.15) 
Where,   = vertical stresses at center of interface between the base course and subgrade 
  = contact pressure on surface 
  = radius of equivalent tire contact area 
Han et al. (2011) stated that, to use the equivalent thickness method, two requirements should 
be met: (a) the upper layer should have a higher modulus than the lower layer (with the 
recommendation that the modulus ratio of the upper layer to the lower layer be larger than 2), 
and (b) preference is for the equivalent thickness to be greater than the radius of the loading plate 
to make the method more accurate. Geosynthetic material reduced the rate of reduction in the 
modulus ratio of the base course over the subgrade as compared with the unreinforced section. 
2.11 Bearing Capacity 
Bearing capacity is the ability of geomaterial to safely carry the pressure applied on it from 
any engineered structure or other loads without undergoing a shear failure with accompanying 
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large settlements. Applying a bearing pressure which is safe with respect to failure does not 
ensure that settlement of the foundation will be within acceptable limits. Therefore, settlement 
analysis should generally be performed, since most structures are sensitive to excessive 
settlement. The overall strength and performance of a pavement is dependent not only upon its 
design (including both mix design and structural design), but also on the load-bearing capacity of 
the subgrade soil. So, anything that can be done to improve the load-bearing capacity of the 
subgrade soil will definitely improve the pavement load-bearing capacity, and thus improve the 
pavement strength and performance. The bearing capacity ratio (BCR) is used to evaluate the 
effect of geosynthetic reinforcement. The BCR is defined as the ratio of the bearing capacity of 
the reinforced section to that of the unreinforced. Bearing capacity ratio (BCR) may be 
calculated by the use of static plate load test as follows.  
BCR =  
                                     
                                       
 = 
     
      
             (2.16) 
Two different types of load-settlement behavior can be observed (e.g., Chen, 2007). For the 
first type of load-settlement curve as shown in Figure 2.12(a), the failure point is not well 
defined. A certain amount of settlement is used to calculate the bearing capacity from this curve. 
Figure 2.12(b) depicts the second type of load-settlement curve, which has a well-defined failure 
point. The highest value of applied pressure that can carry the section is called the ultimate 
bearing capacity of this curve. In this thesis study, the failure point is not well defined; therefore, 
the bearing capacity will be calculated at a specified settlement of 1-in. (25.4-mm) and 2-in. 
(50.8-mm). 
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(a)                                                      (b) 
Figure 2.12: Definition of Bearing Capacity Ratio (Chen, 2007) 
2.12 Permanent Deformation 
The main function of subgrade soils is to provide support to pavement structures. Under 
heavy traffic loads, subgrade soils may deform and contribute to distresses in the overlying 
pavement structure. Pavement performance is related to resilient modulus and permanent 
deformation properties of pavement materials, as well as other factors such as environmental and 
traffic conditions (Mohammad et al., 2006). Rutting caused by the permanent deformation of 
unbound materials (unbound granular material (UGM) and pavement subgrade), is one of the 
principal damage modes for low traffic flexible pavements. Permanent deformation occurs when 
the particles re-arrange themselves. In order to characterize the permanent deformation behavior 
of the material, the repeated load triaxial tests is proposed to be performed on unreinforced and 
geosynthetic reinforced base-subgrade specimens. The RLT tests aid in determining the 
deformation properties of the geomaterials. The RLT test consists of a haversine-shaped load 
pulse. The reason for a haversine load pulse is to better simulate the traffic-loading conditions. 
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More precisely, the load pulse consists of 0.1 second load duration and a 0.9 second rest period. 
Figure 2.13 depicts the haversine-shaped load pulse. In the RLT tests, the applied load, vertical 
deformations, and confining pressure are recorded. In this study, laboratory RLT tests were 
conducted on a two-layer (subgrade-base) system, reinforced with different types of geogrids and 
geotextiles placed at the interface. The tests were conducted using the MTS machine, available in 
the geotechnical research laboratory. Both single-stage and multi-stage repeated loading triaxial 
tests were performed to evaluate the effectiveness of geosynthetic material in improving the 
performance of an unpaved road system.  
 
Figure 2.13: Haversine Load Pulse in RLT Tests (Protocol P07, FHWA) 
 
2.13 Factors Affecting Permanent Deformation 
Many factors affect the properties of the permanent deformation of the subgrade and granular 
base materials. In this section, an overview of the factors influencing the permanent deformation 
is demonstrated. 
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2.13.1 Number of Load Cycles 
As the number of load cycles (N) increases, the permanent strain will also increase. 
However, if the loading intensity is not too high, the permanent strain accumulation can be seen 
to stabilize and comes to a limiting value (Paute et al. 1996). Conversely, Barksdale (1972) and 
Sweere (1990) reported that there is no limiting value and that strains will keep accumulating as 
long as there are cycles. Lekarp (1997) found that the stress level must be of a low magnitude. 
Kolisoja (1998) found that specimens loaded would stabilize around 80,000 cycles, but at that 
point has the potential to become unstable and to accumulate permanent strain through more load 
cycles.  
2.13.2 Moisture Content  
Moisture content affects the behavior of the permanent deformation of granular materials. An 
increase in the moisture content above the optimum moisture content usually causes separation 
between particles and thus less contact area. This means an increase in the pore water pressure 
leads to a decrease in the effective stress, which in turn will cause a decrease in the shear 
strength of the geomaterial. The loss of shear strength will cause weak spots in the base course 
layer that will result in irrecoverable deformations, such as rutting (Arnold, 2004). Barksdale 
(1972), Thom and Brown (1987), and Nazzal et al. (2007) found that the blending of high levels 
of saturation and low permeability, results in low effective stress, and high pore water pressure, 
and finally to a low resistance to permanent deformation.  
2.13.3 Stress History  
Many literatures found that stress history is interrelated to permanent deformation. Smaller 
permanent strains occur, if the initially applied loads are higher than the subsequent loads 
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(Barksdale, 1991). During a repeated loading test, the effect of stress history appeared as a result 
of gradual material stiffening. This caused a reduction in the proportion of permanent to resilient 
strains during subsequent loading cycles (Nazzal, 2007). A very limited research has considered 
on the effects of stress history. Allen (1973) suggested that samples be conditioned for 1000 
cycles before conducting the repeated load tests. 
2.13.4 Density  
Density is an important factor when considering permanent deformation in the granular 
materials. Higher density can improve the resistance to permanent deformation under repetitive 
loading. Barksdale (1972) suggested that geomaterials compacted at 95% of maximum 
compaction density (normal proctor) will yield more permanent strains than the material 
compacted at 100% of maximum compaction density. Allen (1973) also found that there was a 
20% reduction in total plastic deformations in crushed limestone, when the specimen density was 
increased from proctor to modified proctor. Hicks and Monismith (1971) reported that density 
carried a more significant effect, using partially crushed material over a completely crushed 
material. 
2.13.5 Effect of Grading, Fines Content, and Maximum Grain Size  
Previous studied showed that if grading of base material is changed in such a way that it 
causes relative density to increase, the resistance of permanent deformation will also increase 
and vice versa. Through RLT tests, Thom and Brown (1988) found that an un-compacted 
uniformly graded specimen produced less permanent strain over a non-uniformly graded 
specimen. Well-graded specimen also causes lower permanent strain than gap-graded specimen. 
Increasing fine contents was found to cause an increase in the level of permanent deformation in 
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RLT tests (Barksdale 1972, 1991). Granular materials consist of a large number of particles, 
normally of different sizes. Previous research in this area shows that the permanent deformation 
of such material is, in some degree, dependent on particle size and its distribution. The effect of 
fines content on the permanent deformation resistance of granular materials was also investigated 
in different studies. Barksdale (1972, 1991) and Thom and Brown (1988), reported that 
permanent deformation resistance in granular materials is reduced as the amount of fines 
increases. Allen (1973) related the difference in plastic strains between different aggregate types 
of the same density to the surface characteristics of the particles. He argued that angular 
materials, such as crushed stone, undergo smaller plastic deformations compared to materials 
such as gravel with rounded particles. This behavior was said to be the result of a higher angle of 
shear resistance in angular materials due to better particle interlock.  
2.13.6 Effect of Magnitude and Frequency of Applied Load 
The magnitude of applied axial load is very significant in the results of permanent 
deformation tests. As the magnitude of applied load increases in the RLT tests, the permanent 
deformation also increases and resilient modulus decreases. This is obvious from the results of 
multi-stage RLT tests, which clearly showed that the permanent deformation increases with the 
level of deviatoric stress increases in the different stages of the test. Higher deviatoric stresses 
caused greater accumulation of plastic deformation (Abu-Farsakh et al., 2012).  
The frequency of applied load can also affect the results of the permanent deformation test. If 
the frequency increases in the RLT tests, the permanent deformation is expected to decrease 
(e.g., Souci, 2009). Hicks (1970) conducted RLT tests at stress durations of 0.1, 0.15, and 0.25s 
and found minor change in the resilient modulus of specimens. 
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2.13.7 Effect of Stiffness of Geomaterials 
The stiffness of geomaterials has significant effect on the results of permanent deformation 
tests. As the stiffness of tested material increases than the permanent deformation decreases. The 
stiffness of tested specimens (for two-layer system) depends mainly on the thickness of base 
course material. In these tests, the crushed limestone material used as a base course material. 
Therefore, if the composite stiffness of geomaterials is higher, then the permanent deformation 
of the two-layer specimen is expected to be lower. For example, the 8 in. base course layer over 
the 4 in. subgrade layer specimens is stiffer than the 4 in. base course layer over the 8 in. 
subgrade layer specimen; and therefore the resulted permanent deformations were less. The 
inclusion of geosynthetic layer at the interface results in increasing the composite stiffness, and 
therefore decreases the permanent deformations. 
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CHAPTER 3: METHODOLOGY 
This chapter consists of a description of the research methodology pursued in this study. The 
chapter includes detailed information about the experimental testing and materials that were used 
in this research. 
3.1 Experimental Testing: General  
The experimental testing program for this study was performed to complete the objectives 
mentioned in Chapter one. The experimental work was conducted to evaluate the benefits of 
using geosynthetic materials in a pavement system. For this purpose, two series of laboratory 
tests were conducted: small-scale in-box plate load tests on unpaved sections, and Repeated Load 
Triaxial (RLT) tests (both single-stage and multi-stage) on two-layer specimens to investigate the 
influence of geosynthetic materials. The experimental study also includes the investigation of the 
stress distribution on the subgrade layer, with and without the inclusion of reinforcement, and the 
strain distribution along the reinforcement. Analytical study of geosynthetic materials and 
equivalent thickness of the base course layers were also investigated in this research study. 
3.2 Material Used for This Study 
3.2.1 Geomaterials 
Two different types of geomaterials (silty clay and Kentucky crushed limestone soils) were 
used in this research study. The silty clay soil (Figure 3.1) used in this study is a marginal 
embankment soil with low to medium plasticity that is often encountered in embankments in 
southern Louisiana. The physical properties of the silty clay are summarized in Table 3.1. The 
soil has a maximum dry density of 1670 kg/m
3
 and an optimum moisture content of 18.75% as 
determined by the Standard Proctor test. From the Atterberg Limits test, the silty clay is 
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classified as CL according to the Unified Soil Classification System (USCS), and A-6 according 
to the American Association of State Highway and Transportation Officials (AASHTO) 
classification systems. The base material was obtained from a local Baton Rouge quarry known 
as Martin Marietta. The aggregate is classified as the Martin Marietta 610 Kentucky Limestone 
(Figure 3.2). Table 3.2 summarizes the physical properties of the 610 Kentucky crushed 
limestone as base course material. The crushed limestone has a maximum dry density of 2418 
kg/m
3
 and an optimum moisture content of 6.6%, as determined by a modified Proctor test. 
Figure 3.3 depicts the grain-size distribution curve of Kentucky crushed limestone. 
           
             Figure 3.1: Silty clay soil (ALF soil)              Figure 3.2: Kentucky Limestone 
 
 
Table 3.1: Properties of silty clay/embankment soil 
Properties  Values 
Liquid limit 31 
Plasticity index 15 
Silt content 72% 
Clay content 19% 
Maximum dry density
# 
1670 kg/m
3
 
Optimum moisture content
# 
18.75% 
    
#
Standard Proctor Test 
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Table 3.2: Properties of Kentucky crushed limestone 
Properties  Values 
Effective particle size (D10) 0.43 mm 
Mean particle size (D50) 12 mm 
Uniformity coefficient (Cu) 21.12 
Coefficient of curvature (Cc) 1.53 
Maximum dry density
# 
2418 kg/m
3
 
Optimum moisture content
# 
6.6% 
  #
Modified Standard Proctor Test 
 
Figure 3.3 Grain-size distribution curve of Kentucky crushed limestone 
3.2.2 Reinforcement 
Several types of geogrids and geotextiles were used in this research study. Biaxial geogrids 
BX1100, BX1200, BX1500, BXG10, BXG11, BXG12 with rectangular aperture shape, triaxial 
geogrids TX5, TX6, TX7 with triangular aperture shape, and geotextile RS580i and RS380i were 
used to stabilize the subgrade and/or reinforce the base material in unpaved test sections, and in 
the repeated load triaxial tests. Table 3.3 presents the physical and mechanical properties of the 
geosynthetic materials, as provided by the manufacturers.  
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Table 3.3: Properties of geogrids and geotextiles materials  
Type Reinforcement Polymer Type 
T
1
, kN/m J
2
, kN/m Aperture 
Size (mm) & shape 
Junction 
Effiiency (%) MD
3 
XMD
4 
MD
3 
XMD
4 
1 
Mirafi 
RS580i
a 
Polypropylene 7 26.26 350 1313.3 - - 
2 
Mirafi 
RS380i
b 
Polypropylene 7 14.88 350 744 - - 
3 
Tenser 
TX7
g
 
Polypropylene 2.375
5
 475 40×40 100 
4 
Mirafi 
BasXgrid12
e
 
Polyester 9.1 12.3 455 615 25×25 n/a 
5 
Tenser 
BX1500
f
 
Polypropylene 8.5 10 425 500 25×30.5 93 
6 
Tenser 
TX6
g
 
Polypropylene 2.15
5
 430 40×40 100 
7 
Mirafi 
BasXgrid11
d
 
Polyester 9.1 455 25×25 n/a 
8 
Tenser 
BX1200
f
 
Polypropylene 6 9 300 450 25×33 93 
9 
Tenser 
TX5
g
 
Polypropylene 7.5 375 40×40 100 
10 
Tenser 
BX1100
f
 
Polypropylene 4.1 6.6 205 330 25×33 93 
11 
Mirafi 
BasXgrid10
c
 
Polyester 4.1 6.6 205 330 25×25 n/a 
1
Tensile Strength (at 2% strain), 
2
Tensile Modulus (at 2% strain), 
3
Machine Direction, 
4
Cross machine direction, 
5
Tensile Modulus (at 0.5% strain);  
 
Where, JMD and JXMD are the tensile modulus in machine direction and cross machine direction respectively (kN/m).  
a
http://www.tencate.com/TenCate/Geosynthetics/documents/RSi/TDS_RS580i.pdf 
b
http://www.tencate.com/TenCate/Geosynthetics/documents/RSi/TDS_RS380i%20.pdf 
c
http://www.tencate.com/TenCate/Geosynthetics/documents/BXG/TDS_BXG10.pdf 
d
http://www.tencate.com/TenCate/Geosynthetics/documents/BXG/TDS_BXG11.pdf 
e
http://www.tencate.com/TenCate/Geosynthetics/documents/BXG/TDS_BXG12.pdf 
f
http://www.tensarcorp.com/uploadedFiles/SPECTRA_MPDS_BX_1.09.pdf 
g
http://sitefabric.com/pdf/TX_MPDS_1.09.pdf 
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3.3 In-Box Plate Load Test Procedure 
3.3.1 In-Box Static PLT on Unpaved Test Sections 
The static plate load test (PLT) was used to evaluate the different stabilized/reinforced 
unpaved sections. In these sections, geogrids and geotextiles were placed at different locations: a 
subgrade-base interface, as an upper one-third of base layer and at the middle of a base course 
layer. Base thicknesses of 8in., 12in., and 18in. (Figure 3.4) were used in this study. 
Geosynthetic materials with different types and strength/stiffness properties were used to 
reinforce/stabilize unpaved section in the box. The properties of the subgrade and crushed 
limestone base materials were presented in Tables 3.1 and 3.2, respectively. The target dry 
density and moisture content values of the subgrade and crushed limestone base materials are 
presented in Table 3.4. The target values are slightly different from the optimum moisture 
content and maximum dry density.  
1'
2'
8"
2'-4"
Case I
Base Aggregate
Base Aggregate
Base Aggregate
1'-6"
1'-6"
Subgrade Soil
Subgrade Soil
Subgrade Soil
3'
Case II Case III
3' 3'
 
 Figure 3.4: Diagram of different unpaved test sections 
For the in-box plate load testing of the unpaved sections, seven (7) types of geogrids and two 
(2) types of geotextiles were used in this study to stabilize the subgrade layer and/or reinforce the 
base course layer. The geogrids and geotextiles were placed at different locations within the 
unpaved test sections. The locations include: a) a base-subgrade interface, b) the middle of base 
layer, c) an upper one third of base layer, and d) two layers: one at the interface and one at the 
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upper one-third of the base course layer. Geogrids and geotextiles placed separately or together 
were used in the test sections. Table 3.5 gives the proposed test factorial for the unpaved in-box 
plate load testing. 
Table 3.4: Target values of subgrade layer and crushed limestone base material 
Soil Type 
Maximum Dry 
Density 
(kg/m
3
) 
Target Dry 
Density 
(kg/m
3
) 
Optimum 
Moisture 
Content (%) 
Target 
Moisture 
Content (%) 
ALF Clay Soil 
(Subgrade) 
1670 1601±1% 18.75 22±0.5 
Crushed 
Limestone 
(Base) 
2418 2306±1% 6.6 4.5±0.5 
 
3.3.2 Preparation Techniques of Laboratory PLT 
The small-scale laboratory PLTs were conducted inside a test box at the Geotechnical 
Engineering Research Laboratory (GERL) of the Louisiana Transportation Research Center 
(LTRC). The model tests were conducted inside a steel test box with dimensions of 1.5 m 
(length) × 0.91 m (width) × 0.91 m (height). The method of performing PLTs on subgrade soils 
and pavements are described by ASTM D1196-93. Nonrepetitive static plate load tests were 
performed on soils, as well as unbound base and subbase materials, in order to determine the 
modulus of subgrade reaction or to measure the shear strength of pavement components. A 
loading device, a hydraulic jack, bearing plates of 7.5-in. (0.19 m) dia, dial gages (two or more), 
a reaction frame, and a deflection beam were used in the static plate load test.  
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Table 3.5: Proposed test factorial for plate load test of unpaved test sections 
Test 
Series 
Test 
No 
Reinforcement Type Remarks 
Thickness of 
Stone Base 
I 
1 - Unreinforced control section 
12” 
2 BX 1100 
One layer @ base-subgrade interface 
3 BX 1200 
4 BX 1500 
5 TX 5 
6 TX 6 
7 TX 7 
8 BXG 10 
9 BXG 11 
10 BXG 12 
11 RS580i 
12 RS380i 
13 TX 6 or TX 7 
One layer @ middle of base 
14 BXG 11 or BXG 12 
15 TX 6 or TX 7 
One layer @ upper one third of base 16 BXG 11 or BXG 12 
17 BX 1200 
18 BX1200  
One layer @ base-subgrade interface and 
one layer @ upper one third of base 
19 TX 5 
20 TX 6 or TX 7 
21 RS580i/ BXG11 Geotextile @ base-subgrade interface and 
geogrid @ upper one third of base 22 RS380i/ BXG11 
II 
23 - Unreinforced control section 
18” 
24 BX 1200 
One layer @ base-subgrade interface 
25 TX 5 
26 TX 6 or TX 7 
27 BXG 11 or BXG 12 
28 RS580i 
29 TX 6 or TX 7 
One layer @ middle of base 
30 BXG 11 or BXG 12 
31 TX 6 or TX 7 
One layer @ upper one third of base 32 BXG 11 or BXG 12 
33 BX 1200 
34 BX 1200 
One layer @ base-subgrade interface and 
One layer @ upper one third of base 
35 TX 5 
36 TX 6 or TX 7 
37 RS580i/BXG 11 Geotextile @ base-subgrade interface and 
geogrid @ upper one third of base 38 RS380i/ BXG11 
III 
39 - Unreinforced control section 
8” 
40 BX 1200 
One layer @ base-subgrade interface 
41 TX 5 
42 TX 6 or TX 7 
43 BXG 10 
44 BXG 11 
45 BXG 12 
46 RS580i 
47 RS380i 
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The subgrade soil was first placed and the required amount of water was added to achieve the 
desired moisture content. The soil was compacted inside the box, using a 203 mm ×203 mm 
plate, adapted to a vibratory jack hammer to a predetermined height to achieve the required 
density. The jackhammer delivers compaction energy of 58.3 m.N and blows at a rate of 1400 
per minute. The compaction started on one side and proceeded to the other side. The 
compaction-quality control processes to achieve the required soil densities were accomplished by 
conducting two passes of vibrating compaction: the compaction effort was applied through the 
plate for approximately ten seconds in the first pass, and five seconds in the second pass at each 
location. The nuclear density gauge, the geogauge stiffness device, the dynamic cone 
penetrometer, and the light falling weight deflectometer were used to measure the density, 
moisture content, stiffness modulus, CBR, and subgrade modulus for the subgrade layer quality 
control.  
The preparation of crushed limestone base layer followed the same procedure as the subgrade 
layer. The crushed limestone was placed on top of the subgrade layer inside the test box with the 
required depth; then water was added. The compaction-quality control processes to achieve the 
required soil densities were accomplished by conducting three passes of vibrating compaction: 
the compaction effort was applied through the plate for approximately ten seconds in the first 
pass, five seconds in the second pass, and two seconds in the third pass at each location. The 
nuclear density gauge, the geogauge stiffness device, the dynamic cone penetrometer, and the 
light falling weight deflectometer were also used to measure the density, moisture content, 
stiffness modulus, CBR, and subgrade modulus for the base layer for quality control. 
In this study, a circular steel plate of 0.19 diameter was selected to simulate the tire load on 
the unpaved test section, which also depends on the boundary conditions of the test box. The 
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ASTM test procedure (ASTM D1196-93) was followed in this study. After the testing equipment 
was properly set, having placed all the dead load, seated the bearing plate, and applied the load 
up to 0.508 mm. as indicated by the dials, then the loads were applied in equal load increments. 
The load and deflection readings were recorded for each load increment. In this method, the PLT 
test was continued until the selected total deflection had been obtained, or until the load capacity 
of the apparatus had been reached. The load and the corresponding footing settlement were 
measured using a ring load cell and two dial gauges, respectively. Figure 3.7 depicts the whole 
instrumentation system set-up.  
The laboratory experimental study also included the investigation of the stress distribution on 
a subgrade layer, with and without geosynthetic reinforcement, as well as the strain distribution 
along the reinforcement. The vertical stress distribution on the subgrade was measured by 
pressure cells (4 in. diameter) from Geokon Incorporate, installed within the subgrade layer 
(Figure 3.5). The strain distribution along the reinforcement (Figure 3.6) was measured using 
electrical resistance strain gauges from Vishay Micro–Measurements that were instrumented at 
different locations along the reinforcements. Figure 3.8 and 3.9 depict layouts of instrumentation 
(pressure cells and strain gauge) used for the in-box laboratory PLTs.  
5'
3'
1'-6"
712"
712"
Pressure Cells
2'-6''
 
Figure 3.5: Schematic layout of pressure cells for inbox tests on subgrade soil 
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5'
3'
33 4"
33 4"
334"
33 4"
2'-6"
1'-6"
Strain
Gauges
 
Figure 3.6: Schematic layout of strain gauges on geosynthetic reinforcement 
 
 
Figure 3.7: Instrumentation system set-up 
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Figure 3.8: Layout of pressure cells. 
 
Figure 3.9: Layout of strain gauges 
3.3.3 Construction Control of Test Section 
For construction control of the unpaved section inside the test box, four different types of in 
situ measurement devices were used: a Nuclear Density Gauge, Geogauge Device, Dynamic 
Cone Penetrometer (DCP), and Light Falling Weight Deflectometer (LFWD). These devices 
measure the various parameters of the subgrade material, as well as crushed limestone base 
material for density and moisture content. 
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3.3.3.1 Nuclear Density Gauge 
The nuclear density gauge was used to obtain the dry unit weight and the moisture content of 
each layer of the in-box unpaved test section. In the box, there were three different locations to 
take the reading at three different depths to measure the dry density and the moisture content of 
the test sections. This device was very helpful in measuring the in situ moisture content and 
density of the test sections. Figure 3.10(a) shows how nuclear density works in the test section. 
     
                                     (a)                                                                        (b) 
Figure 3.10: (a) Nuclear density gauge and (b) Geogauge devices 
3.3.3.2 Geogauge Device 
The geogauge device measures the in-place stiffness of compacted soil at the rate of about 
one test per 1.5 minutes. It has an annular ring which contacts the soil with an outside diameter 
of 114 mm (4.50 in), an inside diameter of 89 mm (3.50 in), and a thickness of 13 mm (0.50 in). 
Figure 3.7(b) depicts in-box testing of the geogauge. The soil stiffness can be calculated using 
the following formula: 
            ∑
       
  
 
          ∑
       
  
 
           (3.1) 
Where,       = Stiffness of soil 
      = Stiffness of the flexible plane 
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X2 = Displacement at flexible plate 
X1 = Displacement at rigid plate 
V2 = Velocity at flexible plate 
V1 = Velocity at rigid plate 
n = Number of test frequencies 
The measured soil stiffness from the Geogauge can be used to calculate the soil elastic 
modulus. Geogauge stiffness could be converted to an elastic stiffness modulus using the 
equation proposed by CA Consulting Engineers as follows: 
       
    
     
                                                                           (3.2) 
Where, 
   = The elastic stiffness modulus in MPa 
    = The Geogauge stiffness reading in MN/m 
R= The radius of the Geogauge foot [57.15 mm =2.25 inches] 
Several researches have been conducted to relate   with the resilient modulus of 
geomaterials (e.g., Abu-Farsakh et al., 2004, Mohammed et al., 2007a, 2008, and Nazzal and 
Mohammed, 2010). Extensive field and laboratory study were conducted to develop models that 
predict the resilient modulus of both cohesive and granular soil from the test results of 
Geogauge. The following relationships were suggested in their studies (Mohammed et al., 2008). 
               
     (Cohesive Soils)                                             (3.3) 
                   
     (Cohesive Soils)                                    (3.4) 
                (Granular Soils)                                                    (3.5) 
                                (Granular Soils)                (3.6) 
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Where,   is percent passing 4.75 mm (No. 4) sieve and     is percent passing 75 m (No. 
200) sieve. 
3.3.3.3 Dynamic Cone Penetrometer (DCP) 
The Dynamic Cone Penetrometer (DCP) test results can be correlated to many engineering 
properties such as the CBR, shear strength of the granular materials, resilient modulus (MR), 
elastic modulus (ES) and soil classification (Figure 3.11). The DCP test is becoming a common 
practice for the determination of in situ strength/stiffness of geomaterials, due to its simplicity, 
inexpensiveness, and rapid measurements of the in situ strength of pavement layers and 
subgrades. The DCP measures the penetration rate (mm/blows), and can be converted to an 
equivalent resilient modulus (  ) as a measure of stability and strength. The DCPI is defined by 
the slope of the curve relating the number of blows to the depth of penetration (in mm/blow) at a 
given linear depth segment. The Penetration Rate (PR) can also be converted to an equivalent 
CBR as a measure of stability and strength. The most widely accepted log-log models, as listed 
below, represent correlations between the (CBR) and the DCP penetration rate (PR, in 
mm/blow): 
 Kleyn (1975): Log CBR = 2.62 – 1.27 log PR                                                      (3.7) 
 Smith and Pratt (1983): Log CBR = 2.56 – 1.15 log PR                                      (3.8) 
 Harison (1989): Log CBR = 2.55 – 1.14 log PR                                                   (3.9) 
 Livneh (1991): Log CBR = 2.20 – 0.71 (log PR)1.5                                            (3.10) 
Abu-Farsakh et al. (2004) conducted extensive laboratory and field study to evaluate the 
correlations between the DCPI and CBR values. In their study, a regression analysis was first 
conducted on the data collected from laboratory tests and yielded the following correlation: 
                                                                                           (3.11) 
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A correlation was also made between the DCPI (mm/blow) and CBR values for the field data 
in their study, and the results yielded the following model (Abu-Farsakh et al. 2004): 
         
    
             
                                                      (3.12)          
Once the CBR value of soil is obtained by the DCP test, one can determine the subgrade 
modulus from the well-known relationship, which has been adopted by the 1993 AASHTO 
Guide for Design of Pavement Structures; 
MR (MPa) = 10.34*CBR                                                                      (3.13) 
                          MR (psi) = 1500*CBR                                                                        (3.14) 
The new Mechanistic-Empirical Pavement Design Guide (ARA, 2004) has adopted equation 
78 for calculating subgrade resilient modulus (MR), which was suggested by Powell et al. 
(1984). 
                
        or                     
                   (3.15) 
Mohammed et al. (2007a and 2008) did extensive field and laboratory study to develop 
models that predict the resilient modulus of both cohesive and granular soil from the test results 
of DCP. The following correlations were suggested in their studies. 
             
      (Cohesive Soils)                                            (3.16) 
        
     
        
            (Cohesive Soils)                         (3.17) 
             
     (Granular Soils)                                              (3.18) 
   
     
        
        (Granular Soils)                                             (3.19) 
Where, w is water content (%) 
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Figure 3.11: Dynamic Cone Penterometer (DCP) 
3.3.3.4 Light Falling Weight Deflectometer (LFWD) 
The LFWD is a portable device used to determine the bearing capacity of geomaterials and to 
evaluate the stiffness of flexible pavement systems (Figure 3.12). During any test operation, the 
center deflection (  ) of the loading plate is measured and used to estimate the LFWD elastic 
stiffness modulus (ELFWD). The expression used to calculate the ELFWD is similar to the one used 
to calculate the surface modulus of a layered media assuming a uniform Poisson’s ratio (v), and 
constant loading on an elastic half space (Boussineq elastic half space). This expression is 
described by equation: 
       
         
  
                                                                  (3.20) 
Where, σ = the applied stress 
R= the plate radius 
K =  /2 and 2 for rigid and flexible plates, respectively. 
Abu-Farsakh et al. (2004) and Nazzal et al. (2007) proposed the following relationships 
between LWD- Prima 100 and FWD: 
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                                                                            (3.21) 
                              
                            (3.22) 
Mohammed et al. (2007a and 2008) did extensive field and laboratory study to develop 
models that predict the resilient modulus of both cohesive and granular soil from the test results 
of LFWD. The following relationships were suggested in their studies. 
             
                 (Cohesive Soils)                                                (3.23) 
                  
                        (Cohesive Soils)                  (3.24) 
              
                 (Granular Soils)                                              (3.25) 
              
                        (Granular Soils)                              (3.26) 
3.4 Sample Preparation for MTS Machine 
According to AASHTO T307, the size of the sample is based on the particle size of the 
material. For granular base material, the testing sample diameter should be at least five times 
greater than the maximum particle size of the material. In this research study, the maximum 
particle size was 19 mm. The testing setup of 150 mm diameter and 300 mm height was then 
used. Other studies also recommend using same specimen size for maximum particle size of 
19mm (e.g., NCHRP, 2004).  
 
Figure 3.12: Prima 100, Light Falling Weight Deflectometer 
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Figure 3.13 represents the schematics of the two-layer, reinforced, unpaved specimens. In 
Case I, specimens consist of a 4-in. base aggregate layer over an 8-in. subgrade layer; in Case II, 
the specimens were a 6-in base aggregate layer over a 6-in subgrade layer; in Case III, an 8-in. 
base aggregate layer over a 4-in. subgrade layer specimen was used.  
 
Figure 3.13: Schematics of different two-layer reinforced specimens 
Based on the AASHTO recommendations, a split mold (Figure 3.14(b)) was used for the 
compaction of the material. First of all, the silty clay soil and Kentucky limestone base material 
were oven-dried. Materials were kept twenty-four hours in the oven. Once the materials were 
dry, they were placed in a splitter to obtain two homogenous samples. The next step was to add 
water to a calculated mass of dry material to obtain the desired moisture content. The materials 
were left to absorb the moisture for a minimum of one hour. The material was then divided into 
six equal quantities; the material is compacted in six lifts to achieve uniform compaction and to 
maintain at least ±1% of maximum dry density. The six lifts were compacted using a vibratory 
compactor as they were placed in the spilt mold (Figure 3.15). Each lift had a thickness of 50 
mm. To control the maximum dry density once a layer was compacted, a measurement was taken 
from the top of the spilt mold to the top of the compacted lift. At the end of each compacted lift, 
the smooth surface was lightly roughed to create some void space to obtain bonding with the 
next compacted layer. Each sample was enclosed by two latex membranes with a thickness of 
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0.3 mm (Figure 3.15). The use of two membranes was found to be very important as the first 
membrane would slightly rip and tear due to compaction. A second membrane was used to seal 
the sample. Figure 3.14(a) is a photo of the base with a porous stone.  
           
                                    (a)                                                                      (b) 
Figure 3.14: Apparatus and testing setup of materials 
3.5 Testing Setup 
All repeated load triaxial tests were carried out using the Material Testing System (MTS810) 
with a closed loop and servo hydraulic system. Figure 3.13 shows the testing equipment. The 
applied loads were measured using a ±5000 lbf capacity load cell. The load cell is placed inside 
the testing chamber. This particular setup helps in reducing equipment compliance errors, 
alignment errors, and pressure area errors. The axial deformation was measured, using two 
Linearly Variable Differential Transducers (LVDTs). The two LVDTs were secured from the 
bottom plate. The prepared sample was placed on the load cell and secured to the load through 
the base plate (Figure 3.16). Once the sample was safely secured in the pressure chamber (Figure 
3.16), it was conditioned to be prepared for the RLT tests; lastly, the RLT test was started. 
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Figure 3.15: Testing procedure of sample 
     
Figure 3.16: Material Testing System (MTS810) Equipment 
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3.6 Repeated Load Triaxial (RLT) Test 
3.6.1 Single-Stage RLT Test 
Standard Single-Stage repeated load triaxial tests were conducted to fulfill the objectives of 
this study. The single-stage RLT tests are key to determine the permanent and resilient 
deformation behavior of the unreinforced and geosynthetic reinforced testing samples. The 
single-stage RLT tests were performed according to the AASHTO T-307 standard. More so, the 
T-307 standard was followed, especially when taking into consideration the condition phase of 
the sample before testing. The conditioning consisted of 1,000 cycles, applied at a pressure of 6 
psi and a confining stress of 17 kPa (2.5 psi). Conditioning is important, as it removes any 
unevenness of the top and bottom layers. It also helps in the initial rearrangement of the 
aggregates which can cause a larger, obsolete, permanent deformation.  
Once the conditioning phase was completed, the sample was tested for 10,000 cycles. The 
confining pressure was fixed at 17 kPa (2.5 psi) and the peak cyclic stress was 63 kPa (9 psi) for 
Case I, 84 kPa (12 psi) for Case II, and 105 kPa (15 psi) for Case III. The confining pressure and 
the peak cyclic stress for each case were selected, based on results of field measurements and 
preliminary experimental studies. Figure 3.17 depicts the Case II specimen, which is made of 6 
in. clay at the bottom and 6 in. limestone at the top. 
Data collection was carried out through an elaborate system. Values of loading and vertical 
deformation were recorded 512 times per second at load cycles intervals of: 0-10/unit cycle, 10-
100 at every 10th cycle, 100-1000 at every 50th cycle, 1000-2000 at every 100th cycle, 2000-
3000 at every 200th cycle, and 3000-10000 at every 500th cycle. This method of data recording 
was chosen based on literature review. Most of the deformations in a single-stage permanent 
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deformation test occur during the first 2000 cycles, causing the study to record most of the data 
during the beginning of the test. 
 
Figure 3.17: Case II specimen 
Based on a previous study (Abu-Farsakh et al., 2007), a parameter known as the reduction in 
vertical permanent strain (RPS) was introduced to numerically evaluate the benefit of the 
geogrid. To obtain the RPS the following equation was used:  
RPS (%) = 
                                                             
                               
 × 100    (3.27) 
The testing factorial for the single-stage RLT tests is summarized in Table 3.6. These 
specimens were tested at an optimum moisture content (18.75% for subgrade and 6.6% for base 
material) and density (1670 kg/m
3
 for subgrade and 2418 kg/m
3
 for base material), for both the 
subgrade material and the crushed limestone base material, respectively. 
 
Clay 
Crushed 
Limestone 
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Table 3.6: Proposed Test Factorial for Single-Stage Repeated Load Triaxial Tests 
Moisture 
Content 
Unreinfor
ced soil 
Unreinfor
ced stone 
Unreinfor
ced comp 
TX5 TX7 RS580i 
  
  
Opt. 
moisture 
content 
2 2 2 2 2 2 
Stone  Thickness: 
4” 
Subgrade Soil: 8” 
2 2 2 2 2 2 
Stone  Thickness: 
6” 
Subgrade Soil: 6” 
2 2 2 2 2 2 
Stone  Thickness: 
8” 
Subgrade Soil: 4” 
 
3.6.2 Multi-Stage RLT Test 
Similar to the single-stage testing, the multi-stage RLT tests were conducted to fulfill the 
objectives of this study. In the case of multi-stage, permanent deformation behavior was 
observed at different stress levels. The test was usually initiated by applying 10,000 load cycles 
at the selected confining stress and the lowest deviatoric stress. Then, the cyclic loads were 
applied with 10,000 cycles at selected higher stress levels until the sample failed (Figure 3.18). 
The multi-stage RLT tests were also performed according to the AASHTO T-307 standard. 
The testing factorial for the multi-stage RLT tests is summarized in Table 3.7. The preliminary 
stress levels for each stage are summarized in Table 3.8. The two layer multi-stage tests were 
also tested at the optimum moisture content of the materials. Each stage differed from the 
previous one, due to an increase in q/p ratio [q: deviatoric stress      ; p: mean confining 
pressure (   +2  )/3]. To increase the ratio, both values of p and q were increased. 
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Figure 3.18: Example of Multi-Stage Test Procedure (Werkmeister, 2003) 
 
 
Table 3.7: Proposed Test Factorial for Multi-Stage Repeated Load Triaxial Test 
Moisture 
Content 
Unreinfor
ced soil 
Unreinfor
ced stone 
Unreinfor
ced comp 
TX 7 RS580i 
  
  
Opt. 
moisture 
content 
 
2 
 
 
2 
 
2 2 2 
Stone  Thickness: 6” 
Subgrade Soil: 6” 
at a confining 
pressure of (1) 
2 2 2 
Stone  Thickness: 6” 
Subgrade Soil: 6” 
at a confining 
pressure of (1) 
2 2 2 
Stone  Thickness: 6” 
Subgrade Soil: 6” 
at a confining 
pressure of (1) 
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Table 3.8: Multi-Stage RLT Tests Stress Levels 
Confining 
Stress,    
(psi) 
Stress 
Ratio
#
 
    
(psi) 
Axial 
Stress 
(psi) 
Axial 
load 
(lbs) 
Deviatoric 
Stress, 
q=       
Mean Confining 
Pressure, p=  
(   +2  )/3 
q/p 
2.5 
2 5 2.5 70.686 2.5 3.33 0.75 
4 10 7.5 212.058 7.5 5 1.5 
6 15 12.5 353.43 12.5 6.67 1.875 
8 20 17.5 494.802 17.5 8.33 2.1 
10 25 22.5 636.174 22.5 10 2.25 
12 30 27.5 777.546 27.5 11.67 2.36 
14 35 32.5 918.918 32.5 13.33 2.44 
16 40 37.5 1060.29 37.5 15 2.5 
 # 
    
  
 = 2, 4, 6, 8, 10, 12, 14, 16. 
3.6.3 Purpose of Single-Stage RLT and Multi-Stage RLT Tests  
The purposes of the single-stage RLT tests were to determine the permanent and resilient 
deformations of the considered materials at different number of load cycles. Tests were stopped 
after 10,000 load cycles or when the sample reached a permanent vertical strain of seven percent. 
All samples were conditioned before the tests in a way similar to that used in the resilient 
modulus tests. It is noted that the Single-Stage RLT procedure is similar to those followed in 
previous studies (Mohammad et. al. 2006; Nazzal et. al 2007). And the multi-stage RLT tests 
were used to determine the cyclic behavior of the considered materials at different stress levels. 
The multi-stage testing was conducted by increasing the vertical cyclic stress at each stage, while 
maintaining the cell pressure constant. The multi-stage RLT test provides a promising tool to 
characterize the structural response and stability of different types of subgrade and base course 
materials at loading condition similar to those encountered in a pavement structure. 
 
59 
 
CHAPTER 4: ANALYSIS AND TEST RESULTS OF IN-BOX STATIC PLATE 
LOAD TESTS 
Chapter 4 will present the results and analysis of the in-box experimental static plate load 
tests carried out in this study on geosynthetic stabilized subgrade and reinforced base unpaved 
test sections. 
4.1 Introduction 
The in-box static plate load tests were conducted to evaluate the performance and benefits of 
geosynthetic stabilized subgrade and geosynthetic base reinforcement in unpaved test sections. A 
total of 47 tests were performed on unreinforced and geosynthetic stabilized/reinforced unpaved 
test sections. Three different thicknesses in base course layers were used in this research. The 
parameters investigated in this study included the geosynthetic type (geogrid and geotextile), 
geosynthetic tensile modulus, aperture shape (geometry) of the geogrid material, and location of 
the geosynthetic within the base layer. The vertical stress distribution, the permanent vertical 
strain within the subgrade, and the strain distribution along the reinforcement were also 
investigated. The test results showed that the inclusion of geosynthetic materials can 
significantly improve the performance of unpaved sections over weak subgrades [California 
Boring Ratio (CBR) ≤ 1%].  
The bearing capacity ratio (BCR) was used as one parameter in evaluating the geosynthetics 
benefits in unpaved sections. The BCR is defined as the ratio of the bearing capacity of the 
reinforced section to that of the unreinforced section. Among the two different types of load-
settlement curves (according to Figure 2.12), the first type of load-settlement curve, was found to 
be absent in the static plate load tests in this study (Figure 2.12a). Yet in the first type of load-
settlement curve, the failure point is not well defined. The benefits of geosynthetic materials are 
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then evaluated in terms of BCR at a specific settlement (BCRs). In this study, the bearing 
capacity ratio was evaluated for a specified settlement at 25.4 mm (1-in.) and at 50.8 mm (2-in.) 
settlement (Tables 4.7, 4.8, and 4.9). The parameters investigated in the tests include the 
reinforcement location, the number of reinforcement layers (N), type of reinforcement, and 
tensile modulus of geosynthetics. The analytical discussion also includes stress distribution in 
subgrade with and without reinforcement, stress distribution angle of surface load, strain 
distribution along the reinforcement, and initial and reloading elastic modulus of the base course 
layer with inclusion of geosynthetic reinforcement. 
4.2 Construction Control of the Unpaved Test Section 
For the in-box static plate load test of unpaved sections, it is very important to control the 
construction of all sections to achieve the same strength/stiffness of subgrade and base. 
Constructability and repeatability were the main issues in the in-box tests. To be able to compare 
each section with other sections, similarity in construction quality between all sections is very 
important. For the construction control purpose of the test sections, four different types of 
devices were used: Nuclear Density Gauge, Geogauge, Light Falling Weight Deflectometer 
(LFWD), and Dynamic Cone Penetrometer (DCP). The Nuclear Density Gauge, Geogauge, and 
LFWDs were deployed to measure the in-place properties of the subgrade layer. The Nuclear 
Density Gauge, Geogauge, LFWDs, and DCPs were deployed to measure the in-place properties 
of the base course layer. Table 4.1 describes the in-situ properties of the subgrade silty clay layer 
for all test sections. Tables 4.2 through 4.4 describe the in-situ properties of the 304.8 mm (12 
in.), 457.2 mm (18 in.), and 203.2 mm (8 in.) thick crushed limestone base course layers, 
respectively for all test sections. Tables 4.5 and 4.6 describe the resilient modulus (  ) of the 
subgrade silty clay layer (by equation 3.3 and 3.23) and crushed limestone base course layer (by 
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equation 3.5, 3.25, and 3.18), respectively for all test sections obtained from the correlations of 
geogauge device, LFWD, and DCP. 
Table 4.1: In-situ properties of subgrade silty clay layer 
Test No.   
Moisture 
Content 
(%) 
Dry Density  
pcf (kg/m
3
) 
EGG 
(MPa) 
ELFWD 
(MPa) 
Test 1 
Mean 22.5 99.4 (1592) 22.17 13 
St. Dev. 0.63 0.76 1.25 2.45 
CV (%) 2.83 0.77 5.67 18.84 
Test 2 
Mean 22.2 99.5 (1594) 24.61 18 
St. Dev. 0.57 1.81 1.46 2.94 
CV (%) 2.57 1.81 5.94 16.36 
Test 3 
Mean 21.7 101.3 (1622) 26.42 12 
St. Dev. 0.76 1.61 4.17 2.94 
CV (%) 3.51 1.59 15.79 24.53 
Test 4 
Mean 21.7 100.7 (1613) 22.48 16 
St. Dev. 0.23 2.05 1.74 3.74 
CV (%) 1.06 2.04 7.75 23.38 
Test 5 
Mean 23.3 98.6 (1574) 19.75 17.33 
St. Dev. 0.72 1.56 5.18 5.31 
CV (%) 3.09 1.59 26.24 30.65 
Test 6 
Mean 22.6 99.5 (1594) 24.6 16.33 
St. Dev. 0.99 1.79 2.55 4.03 
CV (%) 4.38 1.8 10.38 24.66 
Test 7 
Mean 21.8 100.6 (1611) 21.21 19.67 
St. Dev. 0.55 0.8 3.36 3.3 
CV (%) 2.55 0.79 15.82 16.78 
Test 8 
Mean 22.8 99.5 (1593) 20.49 15.67 
St. Dev. 0.88 1.51 2.86 2.62 
CV (%) 0.89 1.52 13.95 16.75 
Test 9 
Mean 21.7 100.7 (1613) 23.56 15.67 
St. Dev. 0.42 0.8 6.45 4.19 
CV (%) 1.93 0.84 27.39 26.74 
Test 10 
Mean 22.2 100.2 (1605) 20.88 18.33 
St. Dev. 0.82 1.57 3.58 3.3 
CV (%) 3.7 1.57 17.14 18 
Test 11 
Mean 22.3 100.4 (1608) 23.58 17.33 
St. Dev. 0.85 2.21 1.16 4.78 
CV (%) 3.8 2.19 4.9 27.6 
   #Target Density= 1601 kg/m
3
 (100 pcf) and Target M.C. = 22%  
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Table 4.1: (continued) 
Test 12 
Mean 22.1 100.8 (1615) 23.35 16.67 
St. Dev. 0.58 1.21 4.24 3.4 
CV (%) 22.1 1.2 18.17 20.4 
Test 13 
Mean 22.5 99.6 (1595) 22.1 18.33 
St. Dev. 0.77 2.35 4.73 4.03 
CV (%) 3.42 2.35 21.41 21.97 
Test 14 
Mean 21.5 101.6 (1627) 25.12 12.67 
St. Dev. 0.43 0.92 5 3.3 
CV (%) 2.02 0.9 19.92 26.05 
Test 15 
Mean 21.5 100.7 (1613) 21.84 14.33 
St. Dev. 1.22 2.86 6 4.03 
CV (%) 5.69 2.84 27.44 28.1 
Test 16 
Mean 21.3 101.2 (1621) 24.8 15.67 
St. Dev. 1 2.81 1.73 4.5 
CV (%) 4.69 2.77 6.98 28.7 
Test 17 
Mean 21.6 100.9 (1616) 21.95 17.67 
St. Dev. 0.33 1.62 1.19 1.7 
CV (%) 1.54 1.6 5.46 9.62 
Test 18 
Mean 22.1 100.9 (1616) 22.96 13 
St. Dev. 0.32 1.3 2.49 2.83 
CV (%) 1.46 1.29 10.86 21.76 
Test 19 
Mean 22.6 99.3 (1591) 24.25 18 
St. Dev. 0.99 2 3.04 3.74 
CV (%) 4.38 2.02 12.55 20.78 
Test 20 
Mean 22.2 101.6 (1627) 19.86 14 
St. Dev. 0.55 0.82 1.74 2.16 
CV (%) 2.47 0.81 8.77 15.43 
Test 21 
Mean 22.2 100.9 (1616) 22.6 18.33 
St. Dev. 0.83 1.42 0.99 3.4 
CV (%) 3.76 1.41 4.41 18.54 
Test 22 
Mean 22.5 99.7 (1597) 22.54 16.67 
St. Dev. 0.41 1.29 2.66 3.68 
CV (%) 1.83 1.29 11.82 22.09 
Test 23 
Mean 22.5 99.7 (1597) 21.09 15 
St. Dev. 0.33 1.21 2.22 2.94 
CV (%) 1.47 1.21 10.53 19.62 
   #Target Density= 1601 kg/m
3
 (100 pcf) and Target M.C. = 22% 
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Table 4.1: (continued) 
Test 24 
Mean 22.3 99.5 (1594) 20.99 17 
St. Dev. 0.47 0.92 1.57 3.74 
CV (%) 2.13 0.92 7.49 22 
Test 25 
Mean 22.3 99.1 (1587) 23.74 16 
St. Dev. 0.39 1.49 3.48 4.55 
CV (%) 1.76 1.5 14.67 28.41 
Test 26 
Mean 22.1 99.7 (1597) 19.77 13.67 
St. Dev. 0.45 1.37 2.07 3.3 
CV (%) 2.05 1.38 10.49 24.14 
Test 27 
Mean 22.1 99.6 (1595) 26.42 14.33 
St. Dev. 0.42 1.65 0.26 2.49 
CV (%) 1.91 1.66 0.97 17.4 
Test 28 
Mean 22.2 100.9 (1616) 22.6 14.67 
St. Dev. 0.84 1.42 0.99 3.68 
CV (%) 3.76 1.41 4.41 25.1 
Test 29 
Mean 22.2 99.7 (1597) 21.14 14.67 
St. Dev. 0.74 1.71 2.83 2.62 
CV (%) 3.32 1.71 13.4 17.9 
Test 30 
Mean 22.5 99.5 (1594) 21.23 19.67 
St. Dev. 1.03 1.33 4.48 4.03 
CV (%) 4.58 1.33 21.11 20.48 
Test 31 
Mean 22.1 100.2 (1605) 20.28 18.33 
St. Dev. 1 2.46 3.78 3.4 
CV (%) 4.55 2.45 18.62 18.54 
Test 32 
Mean 21.8 101.7 (1629) 22.59 13.33 
St. Dev. 1.03 2.1 1.86 2.62 
CV (%) 4.74 2 8.22 19.68 
Test 33 
Mean 22.4 100.5 (1610) 24.02 13.33 
St. Dev. 0.52 1.67 2.96 2.62 
CV (%) 2.34 1.66 12.32 19.68 
Test 34 
Mean 21.6 101.3 (1623) 25.15 16 
St. Dev. 1.12 2.19 1.18 2.16 
CV (%) 5.16 2.16 4.69 13.5 
Test 35 
Mean 22.1 100.6 (1611) 26.37 19 
St. Dev. 0.96 2.32 6.72 2.16 
CV (%) 4.43 2.32 25.47 11.37 
    #Target Density= 1601 kg/m
3
 (100 pcf) and Target M.C. = 22% 
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Table 4.1: (continued) 
Test 36 
Mean 22.5 99.7 (1597) 22.08 13 
St. Dev. 0.4 1.61 2.05 3.26 
CV (%) 1.78 1.61 9.29 25.12 
Test 37 
Mean 22.2 99.6 (1595) 21.73 14 
St. Dev. 0.89 2.34 3.4 3.56 
CV (%) 3.99 2.35 15.66 25.42 
Test 38 
Mean 21.8 100.3 (1606) 27.95 15.67 
St. Dev. 3.02 1.8 7.73 2.62 
CV (%) 3.01 8.2 27.65 16.75 
Test 39 
Mean 21.8 100.5 (1610) 26.13 13.67 
St. Dev. 0.46 0.85 1.23 2.05 
CV (%) 2.1 0.84 4.72 15.03 
Test 40 
Mean 22.1 100 (1602) 21.87 16 
St. Dev. 0.67 2.04 2.47 2.16 
CV (%) 3.05 2.04 11.3 13.5 
Test 41 
Mean 22.7 99.6 (1595) 21.12 13.67 
St. Dev. 0.5 2.02 4.85 2.49 
CV (%) 2.33 2.03 22.97 18.25 
Test 42 
Mean 22.1 100.9 (1616) 26.26 18.33 
St. Dev. 0.43 2.2 1.12 4.11 
CV (%) 1.93 2.18 4.28 22.42 
Test 43 
Mean 21.7 100.3 (1606) 21.64 13.33 
St. Dev. 0.45 0.83 4.02 3.3 
CV (%) 2.08 0.83 18.59 24.75 
Test 44 
Mean 21.8 101.6 (1627) 25.59 17.33 
St. Dev. 0.91 2.51 4.25 1.7 
CV (%) 4.15 2.47 16.61 9.81 
Test 45 
Mean 22.8 99.3 (1591) 22.16 14.33 
St. Dev. 0.81 1.54 2.9 1.7 
CV (%) 3.56 1.56 13.1 11.86 
Test 46 
Mean 21.7 101.4 (1624) 21.29 18 
St. Dev. 1.11 1.63 1.84 2.94 
CV (%) 5.14 1.6 8.64 16.36 
Test 47 
Mean 22.8 100 (1602) 25.59 16 
St. Dev. 0.72 2.05 2.76 2.16 
CV (%) 3.17 2.04 10.77 13.5 
     #Target Density= 1601 kg/m
3
 (100 pcf) and Target M.C. = 22% 
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Table 4.2: In-situ properties of 304.8 mm (12 in.) thick base course layer 
Test 
No. 
  
Moisture 
Content 
(%) 
Dry Density  
pcf (kg/m
3
) 
EGG 
(MPa) 
ELFWD 
(MPa) 
DCP 
(mm/blow) 
Test 1 
Mean 5.12 143.37 (2297) 187.93 30.67 7.77 
St. Dev. 0.16 0.73 17.29 3.68 0.48 
CV (%) 3.16 0.51 9.20 12.01 6.22 
Test 2 
Mean 5.14 144.47 (2314) 172.14 37 6.01 
St. Dev. 0.33 4.01 18.44 5.1 0.41 
CV (%) 6.42 2.77 10.71 13.78 6.77 
Test 3 
Mean 5.46 143.26 (2295) 167.99 35.33 4.66 
St. Dev. 0.24 2.13 11.56 5.73 0.53 
CV (%) 4.33 1.49 6.88 16.23 11.44 
Test 4 
Mean 5.29 144.76 (2318) 165.08 38.67 8.29 
St. Dev. 0.37 1.53 10.76 4.11 0.23 
CV (%) 6.99 1.06 6.52 10.63 2.72 
Test 5 
Mean 4.09 143.72 (2302) 197.45 35 4.93 
St. Dev. 0.22 2.16 33.58 4.32 0.34 
CV (%) 5.46 1.51 17.01 12.34 6.93 
Test 6 
Mean 5.09 145.54 (2331) 191.97 34.33 4.49 
St. Dev. 0.15 1.74 29.15 5.31 0.34 
CV (%) 2.99 1.19 15.18 15.47 6.93 
Test 7 
Mean 4.98 145.18 (2326) 190.03 35.67 4.52 
St. Dev. 0.14 4.35 28.90 4.5 0.38 
CV (%) 2.81 2.99 15.21 12.61 8.38 
Test 8 
Mean 4.19 144.82 (2320) 186.26 37 7.48 
St. Dev. 0.53 2.65 40.10 5.89 0.33 
CV (%) 12.75 1.83 21.53 15.91 4.39 
Test 9 
Mean 4.79 144.09 (2308) 179.33 34.67 5.54 
St. Dev. 0.34 3.35 39.38 2.62 0.16 
CV (%) 7.13 2.33 21.96 7.57 2.89 
Test 10 
Mean 4.57 145.32 (2328) 193.18 37 5.83 
St. Dev. 0.23 2.30 25.95 7.79 0.77 
CV (%) 4.95 1.59 13.44 21.05 13.26 
Test 11 
Mean 4.79 144.12 (2309) 208.29 31.33 4.68 
St. Dev. 0.17 2.90 44.98 4.78 0.03 
CV (%) 3.64 2.01 21.59 15.27 0.56 
          #Target Density= 2306 kg/m
3
 (144 pcf) and Target M.C. = 4.75% 
 
Note: ELFWD and EGG measured at the base which represents a composite modulus of two-layer 
base/subgrade and also depends on the influence depth.  
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Table 4.2: (continued) 
Test 12 
Mean 4.67 145.24 (2327) 162.66 34.33 4.32 
St. Dev. 0.33 3.80 32.09 3.09 0.12 
CV (%) 7.14 2.62 19.73 9 2.7 
Test 13 
Mean 4.79 144.09 (2308) 179.33 36.67 6.07 
St. Dev. 0.34 3.35 39.38 4.78 0.53 
CV (%) 7.13 2.33 21.96 13.05 8.79 
Test 14 
Mean 5.08 144.98 (2322) 206.02 40 6.42 
St. Dev. 0.41 2.32 20.87 2.94 0.42 
CV (%) 8.13 1.60 10.13 7.36 6.5 
Test 15 
Mean 5.05 143.07 (2292) 186.52 39.33 5.14 
St. Dev. 0.23 2.40 25.04 5.73 0.52 
CV (%) 4.58 1.68 13.42 14.58 10.2 
Test 16 
Mean 4.76 144.88 (2321) 176.38 32.33 5 
St. Dev. 0.22 2.02 34.62 4.03 0.64 
CV (%) 4.55 1.40 19.63 12.46 12.77 
Test 17 
Mean 4.87 144.93 (2322) 182.98 35.33 5.63 
St. Dev. 0.44 2.01 50.69 4.92 0.22 
CV (%) 8.98 1.39 27.70 13.93 3.94 
Test 18 
Mean 4.99 145.02 (2323) 204.62 36 7.79 
St. Dev. 0.14 1.70 22.32 7.26 1.29 
CV (%) 2.75 1.18 10.91 20.16 16.5 
Test 19 
Mean 4.76 145.94 (2338) 182.20 37.33 8.21 
St. Dev. 0.48 2.24 14.72 3.3 0.7 
CV (%) 10.11 1.53 8.08 8.84 8.56 
Test 20 
Mean 4.92 143.64 (2301) 188.71 30 6.76 
St. Dev. 0.44 2.56 59.67 4.97 0.48 
CV (%) 8.87 1.78 31.62 16.56 7.07 
Test 21 
Mean 4.72 143.63 (2301) 206.77 30.33 7.01 
St. Dev. 0.38 2.49 20.54 3.4 0.4 
CV (%) 8.10 1.73 9.93 11.21 5.76 
Test 22 
Mean 4.50 144.71 (2318) 199.52 38.67 5.59 
St. Dev. 0.29 2.42 13.14 2.49 0.56 
CV (%) 6.54 1.67 6.59 6.45 9.98 
          #Target Density= 2306 kg/m
3
 (144 pcf) and Target M.C. = 4.75% 
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Table 4.3: In-situ properties of 457.2 mm (18 in.) thick base course layer 
Test 
No. 
  
Moisture 
Content 
(%) 
Dry Density  
pcf (kg/m
3
) 
EGG 
(MPa) 
ELFWD 
(MPa) 
DCP 
(mm/blow) 
Test 23 
Mean 4.34 145.1 (2324) 191.55 71 6.72 
St. Dev. 0.22 2.86 20.66 5.35 1.5 
CV (%) 5.10 1.97 10.79 7.54 22.24 
Test 24 
Mean 4.31 144.82 (2320) 199.90 74.33 8.10 
St. Dev. 0.32 2.83 41.72 4.78 1.62 
CV (%) 7.48 1.95 20.87 6.44 19.98 
Test 25 
Mean 4.51 143.18 (2294) 190.92 77.33 8.32 
St. Dev. 0.35 2.42 28.31 8.18 0.22 
CV (%) 7.78 1.69 14.83 10.58 2.67 
Test 26 
Mean 4.33 143.37 (2297) 177.78 71.33 6.57 
St. Dev. 0.33 3.04 16.92 4.78 0.8 
CV (%) 7.58 2.12 9.52 6.71 12.2 
Test 27 
Mean 4.47 143.77 (2303) 190.32 76 6.04 
St. Dev. 0.25 3.09 33.48 4.9 1.16 
CV (%) 5.65 2.15 17.59 6.45 19.16 
Test 28 
Mean 4.32 144.39 (2313) 206.50 74.33 7.65 
St. Dev. 0.43 2.49 30.43 6.18 0.46 
CV (%) 10.08 1.73 14.74 8.32 5.99 
Test 29 
Mean 4.25 143.88 (2305) 209.15 75.67 7.82 
St. Dev. 0.20 2.01 18.28 5.56 0.4 
CV (%) 4.72 1.40 8.74 7.35 5.13 
Test 30 
Mean 4.36 143.36 (2296) 210.09 79 5.55 
St. Dev. 0.19 2.18 35.32 5.35 0.53 
CV (%) 4.48 1.52 16.81 6.78 9.54 
Test 31 
Mean 4.46 143.52 (2299) 197.59 72 4.52 
St. Dev. 0.31 2.55 21.76 6.48 0.14 
CV (%) 7.05 1.78 11.01 9 3.2 
Test 32 
Mean 4.53 143.94 (2306) 219.07 79.67 8.45 
St. Dev. 0.20 3.09 34.32 6.55 1.52 
CV (%) 4.35 2.15 15.66 8.22 18.03 
Test 33 
Mean 4.37 143.1 (2292) 212.40 71 8.38 
St. Dev. 0.34 2.43 37.44 4.32 0.29 
CV (%) 7.78 1.69 17.63 6.09 3.41 
         #Target Density= 2306 kg/m
3
 (144 pcf) and Target M.C. = 4.75% 
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Table 4.3: (continued) 
Test 34 
Mean 4.46 144.19 (2310) 203.69 77.67 7.20 
St. Dev. 0.25 2.60 34.78 4.19 0.77 
CV (%) 5.66 1.80 17.08 5.39 10.76 
Test 35 
Mean 4.72 143.36 (2296) 182.79 78.33 6.58 
St. Dev. 0.40 2.50 27.90 6.85 0.7 
CV (%) 8.43 1.75 15.26 8.74 10.65 
Test 36 
Mean 4.49 145.33 (2328) 209.27 75.33 7.22 
St. Dev. 0.21 3.29 33.21 7.36 0.59 
CV (%) 4.72 2.26 15.87 9.77 8.11 
Test 37 
Mean 4.26 144.56 (2316) 212.64 76.67 6.00 
St. Dev. 0.23 2.98 19.80 4.99 0.58 
CV (%) 5.43 2.06 9.31 6.51 9.62 
Test 38 
Mean 4.36 143.2 (2294) 208.56 79.33 8.01 
St. Dev. 0.57 2.39 20.13 6.34 0.58 
CV (%) 13.10 1.67 9.65 7.99 7.28 
         #Target Density= 2306 kg/m
3
 (144 pcf) and Target M.C. = 4.75% 
 
 
 
 
Table 4.4: In-situ properties of 203.2 mm (8 in.) thick base course layer 
Test 
No. 
  
Moisture 
Content 
(%) 
Dry Density  
pcf (kg/m
3
) 
EGG 
(MPa) 
ELFWD 
(MPa) 
DCP 
(mm/blow) 
Test 39 
Mean 4.91 144.31 (2312) 169.13 20.67 4.94 
St. Dev. 0.19 1.78 24.00 2.05 0.44 
CV (%) 3.89 1.23 14.19 9.94 8.94 
Test 40 
Mean 5.00 143.28 (2295) 191.80 21.67 6.85 
St. Dev. 0.24 2.77 46.15 3.4 0.58 
CV (%) 4.76 1.93 24.06 15.69 8.44 
Test 41 
Mean 4.44 143.76 (2303) 165.90 26.67 6.81 
St. Dev. 0.32 2.36 1.81 4.64 0.47 
CV (%) 7.12 1.64 1.09 17.41 6.84 
Test 42 
Mean 5.26 143.12 (2293) 172.67 21.33 5.53 
St. Dev. 0.25 2.26 24.47 2.87 0.48 
CV (%) 4.84 1.58 14.17 13.44 8.65 
Test 43 
Mean 4.58 143.81 (2304) 214.15 25 7.82 
St. Dev. 0.32 1.80 1.80 5.35 0.37 
CV (%) 6.89 1.25 0.84 21.42 4.76 
          #Target Density= 2306 kg/m
3
 (144 pcf) and Target M.C. = 4.75% 
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Table 4.4: (continued) 
Test 44 
Mean 5.13 143.48 173.20 29 7.71 
St. Dev. 0.41 1.05 13.33 4.55 0.43 
CV (%) 8.01 0.73 7.70 15.68 5.57 
Test 45 
Mean 4.31 143.61 (2300) 211.39 22 6.61 
St. Dev. 0.23 3.89 30.37 4.55 0.88 
CV (%) 5.41 2.71 14.37 20.66 13.36 
Test 46 
Mean 4.97 143.91 (2305) 174.50 29 7.53 
St. Dev. 0.12 2.24 11.73 3.27 0.24 
CV (%) 2.51 1.56 6.72 11.26 3.18 
Test 47 
Mean 4.57 143.92 (2305) 211.80 23.33 5.64 
St. Dev. 0.19 1.14 25.91 4.78 0.76 
CV (%) 4.13 0.79 12.23 20.5 13.4 
          #Target Density= 2306 kg/m
3
 (144 pcf) and Target M.C. = 4.75% 
Table 4.5: Resilient modulus (  ) of subgrade silty clay layer from Geogauge and LFWD 
Test 
No. 
EGG (MPa) Mr
1
 (MPa) ELFWD (MPa) Mr
2
 (MPa) 
1 22.17 10.28 13 9.04 
2 24.61 10.90 18 9.59 
3 26.42 11.38 12 8.92 
4 22.48 10.36 16 9.39 
5 19.75 9.71 17.33 9.52 
6 24.6 10.90 16.33 9.42 
7 21.21 10.05 19.67 9.74 
8 20.49 9.88 15.67 9.35 
9 23.56 10.63 15.67 9.35 
10 20.88 9.97 18.33 9.62 
11 23.58 10.64 17.33 9.52 
12 23.35 10.58 16.67 9.46 
13 22.1 10.27 18.33 9.62 
14 25.12 11.04 12.67 9.00 
15 21.84 10.20 14.33 9.20 
16 24.8 10.95 15.67 9.35 
17 21.95 10.23 17.67 9.56 
18 22.96 10.48 13 9.04 
19 24.25 10.81 18 9.59 
      (1) Equation 3.3; (2) Equation 3.23 
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Table 4.5: (Continued) 
20 19.86 9.73 14 9.17 
21 22.6 10.39 18.33 9.62 
22 22.54 10.38 16.67 9.46 
23 21.09 10.02 15 9.28 
24 20.99 10.00 17 9.49 
25 23.74 10.68 16 9.39 
26 19.77 9.71 13.67 9.13 
27 26.42 11.38 14.33 9.20 
28 22.6 10.39 14.67 9.24 
29 21.14 10.03 14.67 9.24 
30 21.23 10.06 19.67 9.74 
31 20.28 9.83 18.33 9.62 
32 22.59 10.39 13.33 9.09 
33 24.02 10.75 13.33 9.09 
34 25.15 11.04 16 9.39 
35 26.37 11.37 19 9.68 
36 22.08 10.26 13 9.04 
37 21.73 10.18 14 9.17 
38 27.95 11.80 15.67 9.35 
39 26.13 11.31 13.67 9.13 
40 21.87 10.21 16 9.39 
41 21.12 10.03 13.67 9.13 
42 26.26 11.34 18.33 9.62 
43 21.64 10.16 13.33 9.09 
44 25.59 11.16 17.33 9.52 
45 22.16 10.28 14.33 9.20 
46 21.29 10.07 18 9.59 
47 25.59 11.16 16 9.39 
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Table 4.6: Resilient modulus (  ) of crushed limestone base course layer from Geogauge, 
LFWD, and DCPI 
Test 
No. 
EGG (MPa) 
Mr
1
 
(MPa) 
ELFWD (MPa) 
Mr
2
 
(MPa) 
DCPI 
(mm/blow) 
Mr
3
 
(MPa) 
1 187.93 83.41 30.67 38.35 7.77 35.40 
2 172.14 82.01 37 39.90 6.01 37.56 
3 167.99 81.62 35.33 39.51 4.66 39.82 
4 165.08 81.35 38.67 40.27 8.29 34.88 
5 197.45 84.20 35 39.43 4.93 39.31 
6 191.97 83.75 34.33 39.27 4.49 40.16 
7 190.03 83.59 35.67 39.59 4.52 40.10 
8 186.26 83.27 37 39.90 7.48 35.71 
9 179.33 82.66 34.67 39.35 5.54 38.27 
10 193.18 83.85 37 39.90 5.83 37.82 
11 208.29 85.05 31.33 38.53 4.68 39.78 
12 162.66 81.11 34.33 39.27 4.32 40.52 
13 179.33 82.66 36.67 39.82 6.07 37.47 
14 206.02 84.87 40 40.55 6.42 36.99 
15 186.52 83.29 39.33 40.41 5.14 38.93 
16 176.38 82.40 32.33 38.78 5 39.18 
17 182.98 82.98 35.33 39.51 5.63 38.12 
18 204.62 84.77 36 39.67 7.79 35.38 
19 182.2 82.92 37.33 39.97 8.21 34.96 
20 188.71 83.48 30 38.18 6.76 36.55 
21 206.77 84.93 30.33 38.27 7.01 36.25 
22 199.52 84.36 38.67 40.27 5.59 38.19 
23 191.55 83.71 71 45.75 6.72 36.60 
24 199.9 84.39 74.33 46.19 8.1 35.06 
25 190.92 83.66 77.33 46.58 8.32 34.85 
26 177.78 82.53 71.33 45.79 6.57 36.79 
27 190.32 83.61 76 46.41 6.04 37.51 
28 206.5 84.91 74.33 46.19 7.65 35.53 
29 209.15 85.11 75.67 46.36 7.82 35.35 
30 210.09 85.19 79 46.79 5.55 38.25 
31 197.59 84.21 72 45.88 4.52 40.10 
32 219.07 85.85 79.67 46.87 8.45 34.72 
33 212.4 85.36 71 45.75 8.38 34.79 
34 203.69 84.69 77.67 46.62 7.2 36.03 
35 182.79 82.97 78.33 46.70 6.58 36.78 
     (1) Equation 3.5; (2) Equation 3.25; (3) Equation 3.18 
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Table 4.6: (Continued) 
36 209.27 85.12 75.33 46.32 7.22 36.00 
37 212.64 85.38 76.67 46.49 6 37.57 
38 208.56 85.07 79.33 46.83 8.01 35.15 
39 169.13 81.73 20.67 35.30 4.94 39.29 
40 191.8 83.73 21.67 35.66 6.85 36.44 
41 165.9 81.42 26.67 37.25 6.81 36.49 
42 172.67 82.06 21.33 35.54 5.53 38.28 
43 214.15 85.49 25 36.74 7.82 35.35 
44 173.2 82.11 29 37.91 7.71 35.46 
45 211.39 85.28 22 35.77 6.61 36.74 
46 174.5 82.23 29 37.91 7.53 35.66 
47 211.8 85.31 23.33 36.21 5.64 38.11 
 
From the Tables 4.5 and 4.6, one can see that resilient modulus obtained from the geogauge 
device is higher than the resilient modulus obtained from the LFWD and DCP. LFWD and DCP 
resilient modulus are similar. It is due to the reason of effect of influence depth of geogauge. The 
influence depth of the geogauge device ranged from 190 to 200 mm (7.5 – 8.0 in.) (Abu-Farsakh 
et al., 2004). Whereas LFWD influence depth ranges from 270 to 280 mm (10.8 – 11.2 in.) 
(Nazzal et al., 2007). And also geogauge modulus calculated from low shear stress whereas 
LFWD modulus calculated from relatively high shear stress.  
4.3 Small-Scale Laboratory Tests on Unpaved Section 
One objective of this research study was to investigate the potential benefits of using the 
geosynthetic material to improve the bearing capacity of the unpaved roadways over a weak, 
subgrade layer. For this purpose, extensive laboratory tests were conducted on geosynthetic 
reinforced, unpaved sections. Nine types of geogrids: BX1100, BX1200, BX1500, TX5, TX6, 
TX7, BXG10, BXG11, and BXG12, and two types of geotextile, RS580i, and RS380i, were used 
for stabilization of subgrade and reinforcement of the base course layer in the unpaved test 
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sections. The physical and mechanical properties of these reinforcements are presented earlier in 
Table 3.3. 
The dry densities (DD) measured by the nuclear density gauge varied from 1,570 to 1,630 
kg/m
3
 ( =1600, σ=1.5) for a subgrade, silty clay layer and the moisture contents (MC) varied 
from 21.5 to 22.5% ( =22%, σ=0.5), to achieve a weak subgrade of CBR≈1. The corresponding 
resilient modulus (  ) from geogauge stiffness moduli (EGG) ranged from 9.54 (19) to 11.82 
(28) MPa ( =23.5, σ=4.32), and from the light falling weight deflectometer stiffness moduli 
(ELFWD) ranged from 8.63 (10) to 9.77 (20) MPa ( =15, σ=4.5) for subgrade, silty clay soil in all 
tests. These stiffness moduli were directly calculated from the device used for the construction 
control. The subgrade was prepared by using a tiller to mix the silty clay and water. Then, the 
silty clay was raked level and compacted, using an 8 in. × 8 in. (203.2 mm × 203.2 mm) plate 
adapted to a vibratory Bosch Brute model 11304 breaker hammer to the predetermined height to 
achieve the desired density. After the completion of subgrade preparation, the instrumentations 
and the geosynthetics were installed. After installation of pressure cells, the geogrid with strain 
gages was placed on top of the subgrade layer (Figure 4.1). To protect the strain gages from 
damage during the compaction of base course layer, the gages were covered with a small amount 
of silty clay soil and gently compacted by hand before the base course material was spread over 
the geogrid layer. 
After the installation of the geogrid, the base course layer was prepared by placing the 
crushed limestone in 152.4 mm (6 in.) thick lifts, mixing to the desired water content, and then 
compacting to the predetermined height. The target dry density and moisture content were 2306 
kg/m
3
 and 4.5%, respectively. The measured-in-place dry density (DD) and water content (MC) 
of the base course layer were 2,290 to 2,340 kg/m
3
 ( =2315, σ=1.78) and 4.0 to 5.5% ( =4.75, 
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σ=0.28), respectively. The corresponding geogauge stiffness moduli (EGG) were in the range of 
160 to 220 MPa ( =190, σ=1.5). Also the corresponding light falling weight deflectometer 
stiffness moduli (ELFWD) were in the range of 30 to 40 MPa ( =35, σ=1.92) for 304.8 mm (12 
in.), 70 to 80 MPa ( =75, σ=2.3) for 457.2 mm (18 in.), and 20 to 30 MPa ( =25, σ=1.92) for 
203.2 mm (8 in.) thick base course layer. A Dynamic Cone Penetrometer test was also used in 
the crushed limestone base course layer, and the measured penetrometer values in mm/blow were 
in the range of 4 to 9 mm/blow ( =6.5, σ=1.25). The corresponding resilient modulus (  ) from 
geogauge stiffness moduli (EGG) were in the range of 81 to 86 MPa ( =83.5, σ=1.5). The 
corresponding resilient modulus (  ) from light falling weight deflectometer stiffness moduli 
(ELFWD) were in the range of 38.18 to 40.55 MPa ( =39.4, σ=1.63) for 304.8 mm, 45.61 to 46.91 
MPa ( =46.26, σ=1.12) for 457.2 mm, and 35 to 38.18 MPa ( =36.59, σ=1.23) for 203.2 mm 
thick base course layer. The corresponding resilient modulus (  ) from DCPI were in the range 
of 34.22 to 41.24 MPa ( =37.73, σ=2.12). 
         
Figure 4.1: Placement of geogrids with strain gages 
The results of the in-box static plate load tests for unpaved test sections are summarized in 
Tables 4.7-4.9. In these tables, the BCR values were determined at 25.4 mm (1-in.) and 50.8 mm 
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(2-in.). Table 4.7 presents the results for the 304.8 mm (12 in.) thick base course layer; Table 4.8 
presents the results for the 457.2 mm (18 in.) thick base course layer; and Table 4.9 presents the 
results for the 203.2 mm (8 in.) thick base course layer. 
Table 4.7: Summary of static plate load tests for 304.8 mm (12 in.) base course layer 
Test 
No. 
Reinforcement 
Configuration 
Reinforcement 
Location 
At 50.8 mm (2 in.) 
settlement 
At 25.4 mm (1 in.) 
settlement 
q (kPa) BCR q (kPa) BCR 
1 Unreinforced 
 
2708 … 2000 … 
2 N=1, BX1100 interface 2804 1.04 2000 1.00 
3 N=1, BX1200 interface 2996 1.11 2300 1.15 
4 N=1, BX1500 interface 3275 1.21 2650 1.33 
5 N=1, TX5 interface 2948 1.09 2100 1.05 
6 N=1, TX6 interface 3092 1.14 2480 1.24 
7 N=1, TX7 interface 3283 1.21 2540 1.27 
8 N=1, BXG10 interface 2756 1.02 2000 1.00 
9 N=1, BXG11 interface 2900 1.07 2350 1.18 
10 N=1, BXG12 interface 3246 1.20 2400 1.20 
11 N=1, RS580i interface 3475 1.28 2550 1.28 
12 N=1, RS380i interface 3379 1.25 2450 1.25 
13 N=1, TX7 middle 3379 1.25 2580 1.29 
14 N=1, BXG11 middle 2899 1.07 2220 1.11 
15 N=1, TX7 upper one third 3379 1.25 2650 1.33 
16 N=1, BXG11 upper one third 3091 1.14 2400 1.20 
17 N=1, BX1200 upper one third 3187 1.18 2500 1.25 
18 N=2, BX1200  
interface+upp 
one third 
3859 1.43 2800 1.40 
19 N=2, TX5 
interface+upp 
one third 
3763 1.39 2600 1.30 
20 N=2, TX7 
interface+upp 
one third 
3955 1.46 2900 1.45 
21 
N=2, RS580i/ 
BXG11 
interface+upp 
one third 
4146 1.53 3050 1.53 
22 
N=2, RS380i/ 
BXG11 
interface+upp 
one third 
4050 1.50 3000 1.50 
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Table 4.8: Summary of static plate load tests for 457.2 mm (18 in.) base course layer 
Test 
No. 
Reinforcement 
Configuration 
Reinforcement 
Location 
At 50.8 mm (2 in.) 
settlement 
At 25.4 mm (1 in.) 
settlement 
q (kPa) BCR q (kPa) BCR 
23 Unreinforced   4495 … 3600 … 
24 N=1, BX1200 interface 4620 1.03 3600 1.00 
25 N=1, TX5 interface 4619 1.03 3650 1.01 
26 N=1, TX7 interface 4744 1.06 3800 1.06 
27 N=1, BXG11 interface 4619 1.03 3800 1.03 
28 N=1, RS580i interface 4869 1.08 4000 1.11 
29 N=1, TX7 middle 4869 1.08 3800 1.06 
30 N=1, BXG11 middle 4744 1.06 3800 1.06 
31 N=1, TX7 upper one third 4994 1.11 4000 1.11 
32 N=1, BXG11 upper one third 4869 1.08 4000 1.11 
33 N=1, BX1200 upper one third 4869 1.08 4000 1.11 
34 N=2, BX1200 
interface+upp 
one third 
5743 1.28 4400 1.22 
35 N=2, TX5 
interface+upp 
one third 
5493 1.22 4250 1.18 
36 N=2, TX7 
interface+upp 
one third 
5868 1.31 4450 1.24 
37 
N=2, RS580i/ 
BXG11 
interface+upp 
one third 
6118 1.36 4800 1.33 
38 
N=2, RS380i/ 
BXG11 
interface+upp 
one third 
5993 1.33 4600 1.28 
 
 
Table 4.9: Summary of static plate load tests for 203.2 mm (8 in.) base course layer 
Test 
No. 
Reinforcement 
Configuration 
Reinforcement 
Location 
At 50.8 mm (2 in.) 
settlement 
At 25.4 mm (1 in.) 
settlement 
q (kPa) BCR q (kPa) BCR 
39 Unreinforced   1702 … 1300 … 
40 N=1, BX 1200 interface 2133 1.25 1500 1.15 
41 N=1, TX 5 interface 2085 1.23 1470 1.13 
42 N=1, TX 7 interface 2325 1.37 1700 1.31 
43 N=1, BXG 10 interface 1893 1.11 1370 1.05 
44 N=1, BXG 11 interface 2037 1.20 1450 1.12 
45 N=1, BXG 12 interface 2229 1.31 1650 1.27 
46 N=1, RS 580i interface 2421 1.42 1750 1.35 
47 N=1, RS 380i interface 2373 1.39 1720 1.32 
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The results of the in-box static plate load tests are also graphically presented in Figures 4.2 
through 4.9. Figure 4.2 and 4.3 depict the pressure-settlement curves measured for in-box tests 
on a 304.8 mm (12 in.) thick-crushed limestone base course layer, reinforced with a single layer 
of different types of reinforcements placed at the base-subgrade interface. Figure 4.4 depicts the 
measured pressure-settlement curves for in-box tests on a 304.8 mm (12 in.) thick crushed 
limestone base course layer, reinforced with a single layer of different types of reinforcements 
placed at the upper one third location or at the middle of the base course layer. Figure 4.5 depicts 
the pressure-settlement curves measured for in-box tests on a 304.8 mm (12 in.) thick crushed 
limestone base course layer, reinforced with a double layer of different types of reinforcements, 
one layer placed at the base-subgrade interface and a second layer placed at the upper one third 
locations. Figures 4.6 and 4.7 depict the pressure-settlement curves measured for in-box tests on 
a 457.2 mm (18 in.) thick crushed limestone base course layer, reinforced with a single layer of 
different types of reinforcements placed at the base-subgrade interface and the upper one third or 
at the middle of the base course layer location, respectively. Figure 4.8 depicts the double layer 
reinforcements on a 457.2 mm (18 in.) thick crushed limestone base course layer with a double 
layer of different types of reinforcements, one layer placed at the base-subgrade interface and a 
second layer placed at the upper one third locations.. Figure 4.9 depicts the measured pressure-
settlement curves for in-box tests on 203.2 mm (8 in.) thick crushed limestone base course layer 
reinforced with a single layer of different types of reinforcements placed at the base-subgrade 
interface. 
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Figure 4.2: Pressure-settlement curves for 304.8 mm (12 in.) thick base course layer with a single 
layer of different types of reinforcements placed at the base-subgrade interface. 
 
 
Figure 4.3: Pressure-settlement curves for 304.8 mm (12 in.) thick base course layer with single 
layer of different types of reinforcements placed at the base-subgrade interface. 
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Figure 4.4: Pressure-settlement curves for 304.8 mm (12 in.) thick base course layer with single 
layer of different types of reinforcements placed at the upper one third or at the middle of the 
base course layer. 
 
 
Figure 4.5: Pressure-settlement curves for 304.8 mm (12 in.) thick base course layer with double 
layer of different types of reinforcements, one layer placed at the base-subgrade interface and a 
second layer placed at the upper one third locations. 
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Figure 4.6: Pressure-settlement curves for 457.2 mm (18 in.) thick base course layer with a single 
layer of different types of reinforcements placed at the base-subgrade interface. 
 
 
Figure 4.7: Pressure-settlement curves for 457.2 mm (18 in.) thick base course layer with single 
layer of different types of reinforcements placed at the upper one third or at the middle of the 
base course layer location. 
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Figure 4.8: Pressure-settlement curves for 457.2 mm (18 in.) thick base course layer with a 
double layer of different types of reinforcements, one layer placed at the base-subgrade interface 
and a second layer placed at the upper one third locations. 
 
 
Figure 4.9: Pressure-settlement curves for 203.2 mm (8 in.) thick base course layer with a single 
layer of different types of reinforcements placed at the base-subgrade interface. 
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4.4 Comparison between Bearing Capacity Ratio (BCR) Values 
The bearing capacity ratio (BCR) can be used as an improvement factor to the use of 
reinforcement in unpaved test sections, with respect to the unreinforced section. The increase in 
BCR values means a higher benefit in using reinforcement. Figures 4.10, 4.11, and 4.12 present 
the comparison between the different geosynthetic materials used in the 304.8 mm (12 in.), 457.2 
mm (18 in.), and 203.2 mm (8 in.) thick crushed limestone base course layers, respectively. For 
comparison purposes, the BCR values of one layer of reinforcement placed at the base-subgrade 
interface have been used. From the bar charts, it may be seen that the higher tensile modulus 
geosynthetic material gives a higher benefit in respect of the unreinforced one, regardless of type 
and geometry of reinforcement. As a result, RS580i geotextile of the highest tensile modulus 
gives a higher benefit, compared to other geosynthetic materials. Among the geogrid used in our 
research study, triangular-ribbed TX7 geogrids, which have the highest tensile geogrid modulus, 
performs better than any other bi-axial and tri-axial geogrids. To determining the equivalent 
tensile modulus of the bi-axial geogrid, an equation (Nazzal, 2007) also used. 
     
               
 
   
 
  
  
 
       
  
 
  
     
                                                             (4.1) 
Where, Poison’s ratio, υ = 0.25 
a = 0.35, b = 0.035 (Perkins et al., 2004)  
XMd = Cross Machine Direction Elastic Modulus  
Md = Machine Direction Elastic Modulus 
G = 
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Figure 4.10: Comparison between BCR values for 304.8 mm (12 in.) thick base course layer with 
a single layer of different types of geosynthetic reinforcements, placed at the base-subgrade 
interface. 
 
 
Figure 4.11: Comparison between BCR values for 457.2 mm (18 in.) thick base course layer with 
a single layer of different types of geosynthetic reinforcements placed at the base-subgrade 
interface. 
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Figure 4.12: Comparison between BCR values for 203.2 mm (8 in.) thick base course layer with 
a single layer of different types of geosynthetic reinforcements placed at the base-subgrade 
interface. 
 
4.5 Effect of Reinforcement Location 
The location of geosynthetic reinforcement within a crushed limestone base course layer is 
one important factor on the performance of unpaved sections. For the 457.2 mm (18 in.) thick 
base course layer, the use of reinforcement at interface is not so effective. From Figure 4.6, one 
can see that for geosynthetic reinforcement at the interface location in 457.2 mm (18 in.) thick 
base course layer, the BCR values are not significant. Whereas, geosynthetic reinforcement 
located at mid depth or the upper one-third position shows better improvement than at the 
interface location. At 50.8 mm (2 in.) settlement, the BCR increases from 1.06 to 1.11, with a 
layer of TX7 reinforcement placed at interface and at the upper one-third position of the base 
course layer, respectively. Also at 25.4 mm (1 in.) settlement, the BCR increases from 1.06 to 
1.11, with a layer of TX7 reinforcement placed at interface and at the upper one-third position of 
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the base course layer, respectively. Similarly, At 50.8 mm (2 in.) settlement, the BCR increases 
from 1.03 to 1.08, with a layer of BXG11 reinforcement placed at interface and at the upper one-
third position of the base course layer, respectively. Also at 25.4 mm (1 in.) settlement, the BCR 
increases from 1.03 to 1.11, with a layer of BXG11 reinforcement placed at interface and at the 
upper one-third position of base course layer, respectively.  
Therefore, based on the laboratory test results of the unpaved section, the optimum location 
of reinforcement is located at the upper one-third position of thick base course layer. However, 
for a thin base course layer like 203.2 mm (8 in.) of thick crushed limestone base, placing 
geosynthetic reinforcement at the interface location is very effective (Figure 4.9). The BCR 
values are also improved significantly in a 203.2 mm (8 in.) thick base course layer (up to 1.42) 
through the use of different types of reinforcements placed at the base-subgrade interface 
location. However, for the 304.8 mm (12 in.) thick base course layer, the location of 
reinforcement location is not very effective. For example, moving the TX7 reinforcement from 
the interface to the upper one-third position of base course layer BCR shows an increase from 
1.21 to 1.25, which is an insignificant improvement. From the Figure 4.13, one can see that when 
geogrid reinforcement is placed at the upper one-third position of a base course layer, rather than 
at an interface location, BCR values will increase. 
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Figure 4.13: Comparison between BCR values for 304.8 mm and 457.2 mm thick base course 
layer of different types of geosynthetic reinforcements placed at different locations. 
4.6 Effect of Number of Reinforcement Layers 
A series of in-box static plate load tests were conducted on unpaved test sections, where two 
layers of geosynthetic material were used. One geosynthetic layer was placed at the base-
subgrade interface and the other geosynthetic layer was placed at the upper one-third position of 
the base course layer. A geotextile layer was placed mainly at the base-subgrade interface, while 
a geogrid layer was placed within the base course layer. Figure 4.5 and Figure 4.8 present the 
pressure-settlement curves of these tests in a 304.8 mm and 457.2 mm base course thickness 
layer, respectively. As expected, the BCR increased as the number of reinforcement layers 
increased. For example, at a 50.8 mm (2 in.) settlement for the 304.8 mm (12 in.) thickness base 
course layer, the BX1200 geogrid increases from 1.11 to 1.43; the TX5 geogrid increases from 
1.09 to 1.39; and the TX7 geogrid increases from 1.21 to 1.46. Similarly, at a 25.4 mm (1 in.) 
settlement for the 304.8 mm (12 in.) thickness base course thickness layer, BX1200 geogrid 
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increases from 1.15 to 1.40; TX5 geogrid increases from 1.05 to 1.30; and TX7 geogrid increases 
from 1.27 to 1.45. RS580i and RS380i geotextiles were used together with the BXG11 geogrid in 
the 304.8 mm thickness base course layer. The combination of RS580i and BXG11 gave the 
highest performance in the 304.8 mm base course layer. After using the RS580i and BXG11, 
BCR increases from 1.28 (only RS580i) to 1.53 (RS580i+BXG11); whereas in using the RS380i 
and BXG11, the BCR increases from 1.25 (only RS380i) to 1.50 (RS380i+BXG11). For the 
457.2 mm thickness base course layer at a 50.8 mm settlement, the BCR for the BX1200 
increases from 1.03 to 1.28; the TX5 increases from 1.03 to 1.22; and the TX7 increases from 
1.06 to 1.31. Similarly, at a 25.4 mm settlement, the BCR for the BX1200 increases from 1.03 to 
1.26; the TX5 increases from 1.00 to 1.22; and the TX7 increases from 1.06 to 1.24. The RS580i 
and BXG11 combination demonstrate the highest performance in the 457.2 mm base course 
thick layer, where the BCR increases from 1.11 (only RS580i) to 1.33 (RS580i+BXG11).  
Several two-layer reinforced in-box tests were performed to evaluate the reinforcement 
benefit in respect to the unreinforced section. Among these two layers, one layer (basically 
geotextile) was used in the base-subgrade interface and geogrid was used at the upper one third 
of the total base course thickness. Some two-layer geogrid tests were also performed to evaluate 
the bearing capacity of the section. These two-layer reinforced tests were performed in a 304.8 
mm (12 in.) and a 457.2 mm (18 in.) thick base course layer. In comparison with the single layer 
reinforcement, double layer reinforcements always performed better. BX1200, TX5, TX7, 
BXG11, RS380i, and RS580i geosynthetic materials have been used for a two-layer system. 
Figure 4.14 depicts the BCR values of 304.8 mm (12 in.) and 457.2 mm (18 in.) thick base 
course layer reinforcements. Using RS580i and BXG11 reinforcements in these base course 
layers allowed a performance better than any other combination of reinforcement. Among the 
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two-layer geogrids, the triangular TX7 geogrid performed better than BX1200 and TX5 
geogrids. From this research, we obtained 1.53 and 1.36 BCR values in 304.8 mm and 457.2 mm 
thickness base course layers respectively, by using RS580i geotextile at interface and BXG11 at 
the upper one-third of the section.   
 
Figure 4.14: Comparison between BCR values for 304.8 mm and 457.2 mm thick base course 
layer of different types of reinforcements, one placed at the base subgrade interface and the other 
placed at the upper one third locations. 
4.7 Effect of Tensile Modulus  
Eleven different types of geosynthetic reinforcements with different strength/modulus were 
used in the in-box, unpaved, static plate load tests. These include biaxial geogrids: BX1100, 
BX1200, BX1500; and BasXgrid10, BasXgrid11, BasXgrid12 geogrids; triaxial geogrids: TX5, 
TX6, TX7; and RS580i, RS380i geotextiles. The properties of these reinforcements were 
presented earlier in Table 3.3. Figures 4.2, 4.3, 4.6 and 4.9 depict the pressure-settlement curves 
obtained for the different types of reinforcements. These figures can be used to compare the 
results of in-box tests with the same reinforcement configuration. The comparisons between the 
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different types of geosynthetic reinforcement, in terms of bearing capacity versus 
strength/modulus are described in Figure 4.15 and Figure 4.16, for the base course layer of 
thickness at 304.8 mm, and 203.2 mm, respectively. From the figures, one can see that the 
bearing capacity increases with the increase of the tensile modulus of the reinforcement. For the 
304.8 mm (12 in.), and 203.2 mm (8 in.) thick base course layers, reinforcement was placed at 
the base-subgrade interface.  
 
Figure 4.15: BCR versus tensile modulus (KN/m) for 304.8 mm (12 in.) thick base course layer 
with a single layer of different types of reinforcements placed at the interface. 
 
 
Figure 4.16: BCR versus tensile modulus (KN/m) for a 203.2 mm (8 in.) thick base course layer 
with a single layer of different types of reinforcements placed at the interface. 
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4.8 Effect of Type and Geometry of Geosynthetics 
Eleven different types of geogrids and geotextiles were used in this study. The properties of 
these geosynthetics were presented earlier in Table 3.3. Both geogrids and geotextile can be used 
for subgrade stabilization as well as for base reinforcement. Geogrids are placed either with in 
the base course layer or at the base-subgrade interface, whereas geotextile always placed at the 
base-subgrade interface. Therefore, the effect of geosynthetic material in reinforcement and/or 
stabilization is also different. The triaxial geogrids (TX5, TX6, and TX7) performed better than 
the biaxial geogrids (BX1100, BX1200). For example, BX1200 and TX6 have similar tensile 
modulus but different aperture shape (geometry). However, for unpaved section the TX6 geogrid 
has the higher BCR value (1.14) than the BX1200 geogrid (1.11). TX5 and BX1100 have similar 
tensile modulus but BCR obtained from the TX5 (1.09) geogrid is higher than the BX1100 (1.04) 
geogrid. Apparently, performance depends on the unpaved section construction control also. The 
BCR value obtained for triaxial geogrid from these tests slightly higher than the biaxial geogrid. 
So, further inspection is recommended. Other researcher (e.g., Abu-Farsakh et al., 2012; Qian et 
al., 2011; Abu-Farsakh and Chen, 2011) also reported that the triangular-aperture geogrid has a 
more stable grid structure and can provide uniform resistance compared with the biaxial geogrid 
due to better interlocking and better interface friction. Geotextile required more strain than the 
geogrid to develop the required strength for stability. For granular base course material geogrid 
performs better than geotextile (due to interlocking) whereas, for finer-grained soil geotextile 
performs better than geogrid. Geogrids performed better than the geotextiles due to the stretching 
and slagging effect of woven geotextile (for same tensile modulus). Geotextile performs better in 
the long run.  
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4.9 Effect of Different Thickness Base Course Layer in BCR  
From the results of an in-box static plate load test, the BCR values of different 
reinforcements were calculated (Table 4.7 to 4.9). Figure 4.17 presents a comparison between 
the 203.2 mm (8 in.), 304.8 mm (12 in.), and 457.2 mm (18 in.) thick crushed limestone base 
course layer, using different types of geosynthetic reinforcement placed at the base subgrade 
interface. From the figure, one can see that the BCR values decrease for the same reinforced base 
course sections. For the 203.2 mm (8 in.) base course layer, the improvement in bearing capacity 
values is the highest, when compared with the 304.8 mm (12 in.) and the 457.2 mm (18 in.) thick 
base course layer sections. However, the BCR values were not the same for each base course 
thickness as discussed earlier, since the BCR also depends on location, geometry, and tensile 
modulus of geosynthetics. 
 
Figure 4.17: Comparison between the BCR values for 203.2 mm, 304.8 mm, and 457.2 mm thick 
base course layer of different types of geosynthetic reinforcements, placed at base subgrade 
interface. 
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4.10 Stress Distribution on Subgrade Layer 
The in-box static plate load tests were also used to compute stress distributions on the 
subgrade soil layer induced by applied/surface load with and without reinforcement conditions. 
Pressure cells were placed for this purpose. The pressure cells were placed at a distance 190.5 
mm (1D) (D: loading plate diameter) from the center of the plate. Three pressure cells were used 
in this study to measure the distribution of pressure underneath the plate loading. The induced 
vertical stress distributions along the centerline of the plate measured at a depth of 25.4 mm (1 
in.) below the interface with different types of geosynthetic materials, presented in Figures 4.18 
and 4.19. As can be seen from Figures 4.18 and 4.19, the reinforcement results in a redistribution 
of the applied load to a wider area, thus avoiding stress concentration while achieving an 
improved stress distribution. The induced maximum stresses beneath the center of the plate in 
reinforced unpaved test sections are appreciably reduced, compared to those in unreinforced 
sections. For example, in the case of a single layer reinforcement placed at the base subgrade 
interface for the 304.8 mm (12 in.) base thickness, the reinforcement results in reduction in a 
maximum stress from 7% to 31% at an applied plate pressure of 1724 kPa (250 psi) (Figure 
4.18). 10% settlement of bearing plate diameter (19.05 mm or, 0.75 in.) occurred in 1724 kPa 
applied pressure in 304.8 mm (12 in.) thick base course layer of unreinforced section. Therefore, 
1724 kPa applied pressure was chosen to calculate the stress distribution in subgrade layer. Also 
for the 203.2 mm (8 in.) thick base course layer, the inclusion of one layer reinforcement at the 
base subgrade interface results in a maximum stress reduction from 13% to 37% at an applied 
pressure of 1206 kPa (Figure 4.19). 10% settlement of bearing plate diameter (19.05 mm or, 0.75 
in.) occurred in 1206 kPa applied pressure in 203.2 mm (8 in.) thick base course layer 
unreinforced section. Among the geosynthetics used, the geotextile (RS580i/RS380i) with higher 
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tensile modulus resulted in a better reduction of maximum center stresses than other geogrids 
with lower tensile modulus. Among the geogrids used, the TX7 geogrid, with a higher tensile 
modulus than the other geogrids used in this study, showed better attenuation of the stresses 
under the center of the plate than other geogrids of lower tensile moduli.  
 
Applied pressure, q=1724 kPa (10% settlement) 
Figure 4.18: Vertical stress distributions on the subgrade layer along the center line of the plate 
at 1724 kPa applied plate pressure at 304.8 mm (12 in.) thick base. 
 
 
Applied pressure, q=1206 kPa (10% settlement) 
Figure 4.19: Vertical stress distributions on the subgrade layer along the center line of the plate 
at 1206 kPa plate applied pressure at 203.2 mm (8 in.) thick base. 
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4.11 Stress Distribution Angle  
According to Giroud and Han (2011), the stress distribution angle of the applied load may be 
calculated, based on the maximum vertical stress at the center of the interface between base and 
subgrade, which is more critical for bearing failure in fine grained soils. Using equation 2.13, the 
stress distribution angle of different geosynthetic materials can be calculated. Figures 4.20 and 
4.21 depict the stress distribution angles, while 𝛼 is obtained from Equation 2.13 and plotted 
versus the tensile modulus of different types of geosynthetic materials used for single layer base-
subgrade, interface reinforcement in the 304.8 mm (12 in.) and 203.2 mm (8 in.) thick base 
course layer, respectively. The Figure shows that the stress distribution angle strongly depends 
on the tensile modulus of the geosynthetic materials, i.e., the higher tensile modulus yields a 
higher stress distribution angle. An increase of the stress distribution angle means that vertical 
applied loads are spread over a wider area of subgrade, thus reducing the center deformation 
beneath the wheel load. This is mainly due to reduction in permanent deformations of the 
subgrade layer and base layers. 
 
Figure 4.20: Stress distribution angle versus geosynthetic tensile modulus in the 304.8 mm (12 
in.) thick base course layer with single layer of reinforcement. 
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Figure 4.21: Stress distribution angle versus geosynthetic tensile modulus in the 203.2 mm (8 in.) 
thick base course layer with single layer of reinforcement. 
 
4.12 Strain Distribution along the Reinforcement 
Geogrids and geotextile reinforcements were instrumented with strain gauges to evaluate the 
strain distribution along the reinforcements. Five strain gauges were used to calculate the strain 
along the reinforcement; these were placed at 95.25 mm (0.5D) (D: loading plate diameter) 
distance apart from one another with the first gauge directly below the center of the plate. The 
geosynthetics with strain gauge instrumentation were placed at the interface of base-subgrades of 
203.2 mm, 304.8 mm, and 457.2 mm thick base course layers. The measured tensile strain is 
maximum at the point beneath the center of the plate and becomes almost negligible at a distance 
of 1.5~2.0D (D: loading plate diameter) from the center of the loading plate. This indicates that 
the geosynthetic beyond an effective length of (3.0~4.0D) results in insignificant mobilized 
tensile strength, and thus provides negligible effects on the improved performance of the 
reinforced, unpaved test sections. The strain gauge measurements show the mobilizing effect of 
different geosynthetic materials. Figures 4.22 and 4.23 describe the strain distribution along the 
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geogrid (BX1200) and geotextile (RS580i) reinforcements for 203.2 mm (8 in.), 304.8 mm (12 
in.), and 457.2 mm (18 in.) thick base course layers. Strain distributions were measured at 1500 
kPa applied pressure for BX1200 geogrids and 1750 kPa applied pressure for RS580i geotextiles, 
respectively. These measurements were obtained at 25.4 mm (1 in.) settlement. At higher strain, 
the strain gauges were broken. Among the three base course layer thickness, a 203.2 mm (8 in.) 
thick crushed limestone base course layer results in a more permanent strain along reinforcement 
than any other base thickness, and hence more geosynthetic mobilization. This is therefore 
expected for thinner base course thickness with high applied load transferred to the subgrade 
very easily. Thick base course layer has less mobilization effect than thinner base course layer. 
Figures 4.24 to 4.26 depict the strain distribution in different applied plate load pressure for 
203.2 mm (8 in.), 304.8 mm (12 in.), and 457.2 mm (18 in.) thick base course layers, 
respectively. From this figures one can see that, as the applied plate load is increasing, permanent 
strain in the reinforcement also increase. Therefore, higher the applied load, higher the 
geosynthetic mobilization effect.  
 
Figure 4.22: Permanent strain distribution along the centerline of BX1200 geogrid placed at the 
base/subgrade interface (Applied Plate Load Pressure = 1500 kPa). 
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Figure 4.23: Permanent strain distribution along the centerline of RS580i geotextile placed at the 
base/subgrade interface (Applied Plate Load Pressure = 1750 kPa). 
 
 
Figure 4.24: Permanent strain distribution along the centerline of 203.2 mm (8 in.) thick base 
course layer at different applied pressure, reinforcement placed at the base/subgrade interface. 
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Figure 4.25: Permanent strain distribution along the centerline of 304.8 mm (12 in.) thick base 
course layer at different applied pressure, reinforcement placed at the base/subgrade interface. 
 
 
Figure 4.26: Permanent strain distribution along the centerline of 457.2 mm (18 in.) thick base 
course layer at different applied pressure, reinforcement placed at the base/subgrade interface. 
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4.13 Moduli from Plate Load Test 
Different types of elasticity moduli can be obtained from the plate load tests. Soil elasticity 
moduli can be defined as: (1) the initial tangent modulus; (2) the tangent modulus at a given 
stress level; (3) reloading and unloading modulus; and (4) the secant modulus at a given stress 
level (Nazzal, 2007). In this research study, the initial tangent modulus (EPLT(i)) and reloading 
elastic modulus for second load cycle (EPLT(R2)) were determined for all plate load tests. 
Equations 2.3 and 2.4 were used to calculate the initial tangent modulus and the reloading elastic 
modulus, respectively. To determine the initial modulus, a line was drawn tangent to the initial 
segment of the stress-strain curve, and then an arbitrary point was chosen on this line; stress and 
deflection corresponding to this point were then used to determine the initial modulus. The 
reloading modulus was determined using the deflection under the second loading cycle of the 
plate, and the applied load by the end of that cycle. Figure 4.27 describes the deflection and 
stresses used for determining the EPLT(i) from δ1 and p and EPLT(R2) from δ2 and p (Nazzal, 2007).  
 
Figure 4.27: Definition of elastic modulus from PLT (Nazzal, 2007) 
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Abu-Farsakh et al. (2004) conducted several research on field geogauge stiffness modulus 
(  ) and light falling weight deflectometer (     ) with PLT initial and reloading elastic 
modulus.  The following relationships were suggested in their studies. 
                                                                          (4.2) 
                                                                        (4.3) 
                                                                            (4.4) 
                                                                        (4.5) 
Table 4.10 and 4.11 summarize the initial tangent moduli (EPLT(i)) and the reloading elastic 
moduli (EPLT(R2)) obtained for all unpaved test sections, and also compare the results obtained 
from the correlation with geogauge and LFWD, respectively. From the tables one can see that 
light falling weight deflectometer stiffness modulus more closely matched with the PLT stiffness 
modulus obtained from the unpaved sections. In Table 4.4 and 4.5, EPLT(i) and EPLT(R2) obtained 
from the EGG and ELFWD represent a composite value of two layer soil system on a influence 
depth of device (1.5D~2.5D) and the EPLT(i) and EPLT(R2) obtained from the unpaved test sections 
are also represent a composite modulus of two layer soil system. 
Figures 4.28 through 4.30 present the results of initial tangent moduli and reloading elastic 
moduli obtained from PLT for the 304.8 mm (12 in.), 457.2 mm (18 in.), and 203.2 mm (8 in.) 
thick base course layer sections, for the case where the reinforcement was used at the base-
subgrade interface. The reinforcement in the figure is arranged according to a lower to higher 
tensile modulus sequence. The figures indicate that as the geometry of the geosynthetic 
changess, the initial and reloading elastic modulus of the section also changes. Triaxial geogrids 
performs better than biaxial geogrids and geotextiles performs better than any other geogrids. 
Modulus of the section also depends on the tensile modulus of the reinforcement. However, the 
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initial tangent modulus did not follow the same trend. This may be due to the seating effect of 
the loading plate above the base course layer that affects the initial response of PLT.  
Table 4.10: Comparison between initial tangent modulus and reloading elastic modulus 
measured from unpaved test sections and EGG 
Test  
EPLT(i) 
(MPa) 
EPLT(R2) 
(MPa) 
EGG 
(MPa) 
EPLT(i) 
(MPa) 
EPLT(R2) 
(MPa) 
1 23.98 34.29 187.93 228.87 216.53 
2 56.2 40.82 172.14 203.29 192.84 
3 62.94 50.01 167.99 196.56 186.62 
4 44.96 71.44 165.08 191.85 182.25 
5 80.92 38.58 197.45 244.29 230.81 
6 49.45 75.44 191.97 235.41 222.59 
7 62.94 66.68 190.03 232.27 219.68 
8 32.11 35.72 186.26 226.16 214.02 
9 32.25 53.88 179.33 214.93 203.63 
10 57.22 57.15 193.18 237.37 224.40 
11 41.96 100.01 208.29 261.85 247.07 
12 47.96 60.96 162.66 187.93 178.62 
13 39.34 51.29 179.33 214.93 203.63 
14 38.54 68.58 206.02 258.17 243.66 
15 35.97 81.28 186.52 226.58 214.41 
16 26.97 57.15 176.38 210.16 199.20 
17 40.35 66.68 182.98 220.85 209.10 
18 35.97 64.77 204.62 255.90 241.56 
19 33.27 65.06 182.2 219.58 207.93 
20 52.45 50.01 188.71 230.13 217.70 
21 53.95 64.29 206.77 259.39 244.79 
22 42.31 70.34 199.52 247.64 233.91 
23 59.01 83.34 191.55 234.73 221.96 
24 72.25 119.06 199.9 248.26 234.48 
25 67.44 105.51 190.92 233.71 221.01 
26 93.66 89.3 177.78 212.42 201.30 
27 70.65 114.3 190.32 232.74 220.11 
28 67.44 114.3 206.5 258.95 244.38 
29 70.25 119.06 209.15 263.24 248.36 
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Table 4.10: (Continued) 
30 88.31 125.73 210.09 264.77 249.77 
31 70.25 87.12 197.59 244.52 231.02 
32 70.65 125.73 219.07 279.31 263.24 
33 84.3 107.16 212.4 268.51 253.23 
34 82.64 123.17 203.69 254.40 240.17 
35 69.9 121.44 182.79 220.54 208.82 
36 69.04 141.78 209.27 263.44 248.54 
37 70.57 137.77 212.64 268.90 253.59 
38 78.68 106.68 208.56 262.29 247.47 
39 28.9 35.47 169.13 198.41 188.33 
40 26.97 29.9 191.8 235.14 222.33 
41 21.98 31.43 165.9 193.18 183.48 
42 30.91 44.9 172.67 204.15 193.64 
43 27.55 28.58 214.15 271.34 255.86 
44 24.67 34.29 173.2 205.00 194.43 
45 35.32 39.29 211.39 266.87 251.72 
46 36.13 42.86 174.5 207.11 196.38 
47 33.34 39.74 211.8 267.54 252.33 
 
 
 
Table 4.11: Comparison between initial tangent modulus and reloading elastic modulus 
measured from unpaved test sections and ELFWD 
Test  
EPLT(i) 
(MPa) 
EPLT(R2) 
(MPa) 
ELFWD 
(MPa) 
EPLT(i) 
(MPa) 
EPLT(R2) 
(MPa) 
1 23.98 34.29 30.67 43.47 42.06 
2 56.2 40.82 37 47.90 46.43 
3 62.94 50.01 35.33 46.73 45.28 
4 44.96 71.44 38.67 49.07 47.58 
5 80.92 38.58 35 46.50 45.05 
6 49.45 75.44 34.33 46.03 44.59 
7 62.94 66.68 35.67 46.97 45.51 
8 32.11 35.72 37 47.90 46.43 
9 32.25 53.88 34.67 46.27 44.82 
10 57.22 57.15 37 47.90 46.43 
11 41.96 100.01 31.33 43.93 42.52 
12 47.96 60.96 34.33 46.03 44.59 
13 39.34 51.29 36.67 47.67 46.20 
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Table 4.11: (Continued) 
14 38.54 68.58 40 50.00 48.50 
15 35.97 81.28 39.33 49.53 48.04 
16 26.97 57.15 32.33 44.63 43.21 
17 40.35 66.68 35.33 46.73 45.28 
18 35.97 64.77 36 47.20 45.74 
19 33.27 65.06 37.33 48.13 46.66 
20 52.45 50.01 30 43.00 41.60 
21 53.95 64.29 30.33 43.23 41.83 
22 42.31 70.34 38.67 49.07 47.58 
23 59.01 83.34 71 71.70 69.89 
24 72.25 119.06 74.33 74.03 72.19 
25 67.44 105.51 77.33 76.13 74.26 
26 93.66 89.3 71.33 71.93 70.12 
27 70.65 114.3 76 75.20 73.34 
28 67.44 114.3 74.33 74.03 72.19 
29 70.25 119.06 75.67 74.97 73.11 
30 88.31 125.73 79 77.30 75.41 
31 70.25 87.12 72 72.40 70.58 
32 70.65 125.73 79.67 77.77 75.87 
33 84.3 107.16 71 71.70 69.89 
34 82.64 123.17 77.67 76.37 74.49 
35 69.9 121.44 78.33 76.83 74.95 
36 69.04 141.78 75.33 74.73 72.88 
37 70.57 137.77 76.67 75.67 73.80 
38 78.68 106.68 79.33 77.53 75.64 
39 28.9 35.47 20.67 36.47 35.16 
40 26.97 29.9 21.67 37.17 35.85 
41 21.98 31.43 26.67 40.67 39.30 
42 30.91 44.9 21.33 36.93 35.62 
43 27.55 28.58 25 39.50 38.15 
44 24.67 34.29 29 42.30 40.91 
45 35.32 39.29 22 37.40 36.08 
46 36.13 42.86 29 42.30 40.91 
47 33.34 39.74 23.33 38.33 37.00 
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Figure 4.28: Comparison between EPLT(i) and  EPLT(R2) values for 304.8 mm (12 in.) thick base 
course layer with a single layer of different types of reinforcements at interface. 
 
 
Figure 4.29: Comparison between EPLT(i) and  EPLT(R2) values for 457.2 mm (18 in.) thick base 
course layer with a single layer of different types of reinforcements at interface. 
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Figure 4.30: Comparison between EPLT(i) and  EPLT(R2) values for 203.2 mm (8 in.) thick base 
course layer with a single layer of different types of reinforcements at interface. 
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CHAPTER 5: ANALYTICAL RESULTS OF EXPERIMENTAL TESTING 
5.1 Introduction 
This chapter will present an analytical solution for estimating the ultimate bearing capacity of 
the geosynthetic reinforced, unpaved two-layer soil system. The benefits of using reinforcements 
in pavement and geomaterial systems to increase the bearing capacity, to reduce the settlement, 
and to increase the strength/stiffness of the subgrade and base course layer are widely accepted. 
The experimental results of this research study clearly demonstrate the benefits. Several 
analytical solutions by researchers were developed to analyze the reinforced soil foundation for 
different modes of failures. Some of the analytical theories developed for a multi-layer soil 
system were also used to analyze the soil-reinforced system. The analytical study of a reinforced 
soil foundation in this chapter includes the effect of reinforcement as an attempt to examine the 
existing methods for different soil types. The predicted bearing capacity values from analytical 
equations will be compared with the results of in-box laboratory tests on reinforced, unpaved test 
sections. 
5.2 Analytical Solution of Reinforced Soil System 
In Chapter two, the author discussed five different failure modes that typically occurred in 
the reinforced soil foundation: a) failure above the top layer of reinforcement (Binquet and Lee, 
1975; b) failure between the reinforcement layers (Wayne et al., 1998); c) failure similar to 
footings on a two-layer soil system (strong soil layer over weak soil layer) (Wayne et al., 1998); 
d) bearing failure within the reinforced zone (Sharma et al., 2009); and e) partially punching 
shear failure of reinforced zone, followed by a general shear failure (Chen et al., 2009). In this 
study, the unpaved test section is a two-layer soil system, so cases (c) or (e) are considered 
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applicable. After initial examining the values calculated from analytical solutions, case (c) was 
found to be more applicable than case (e). Therefore, case (c) will be used to analyze the various 
unpaved test sections. 
5.3 Failure Similar to Footings on a Two-Layer Soil System 
Punching failure through a reinforced zone commonly occurs in reinforced soil foundations 
with proper reinforcement configurations. For this kind of failure, the reinforced soil foundation 
was treated as a two layer soil system by Wayne et al. (1998), i.e. with a stronger soil underlying 
a weaker soil. If the strength of the reinforced zone is much larger than that of the underlying 
unreinforced zone and the reinforcement depth ratio (d/D) is relatively small, a punching shear 
failure will occur in the reinforced zone, followed by a general shear failure in the unreinforced 
zone, as shown in Figure 5.1. In this study, the reinforced, crushed limestone base layer will be 
considered as the reinforced soil layer. This type of failure mode was first suggested by 
Meyerhof and Hanna (1978) for stronger soil with an underlying weaker soil. With some 
modification, Meyerhof and Hanna’s solution can be used to calculate the bearing capacity of a 
reinforced soil foundation (Wayne et al., 1998). 
 
Figure 5.1: Failure modes of reinforced soil foundation: failure similar to footings on a two-layer 
soil system (after Wayne et al., 1998). 
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The ultimate bearing capacity of the reinforced, unpaved test sections of crushed limestone 
base over weak subgrade soil can be calculated using the following equation (Chen et al., 2009): 
                              
    
 
      
  (    
   
 
 )
       
 
 
                        
 ∑   
 
       
 
                    (5.1) 
Where,       is the ultimate bearing capacity of reinforced soil foundation (here, reinforced 
unpaved section);    is the cohesion of soil in the unreinforced zone;   ,   ,    are the bearing 
capacity factors; q is the surcharge load=  (  + d); D is the diameter of the footing; ca is the unit 
adhesion of soil along two sides; d is the thickness of the reinforced zone;    is the unit weight of 
soil in the unreinforced zone;    is the unit weight of soil in the reinforced zone;    is the 
embedment depth of the footing;    is the punching shear coefficient for the upper layer, which 
depends on the friction angle of soil in the reinforced zone and the ultimate bearing capacity of 
soil in both the reinforced zone and the underlying unreinforced zone;    is the friction angle of 
soil in the unreinforced zone;    is the friction angle of soil in the reinforced zone; Ti is the 
tensile force in the i
th
 layer of reinforcement; δ is the mobilized friction angle along two sides; 
and N is the number of reinforcement layers.  
5.4 Components of Unpaved Base-Subgrade Layer 
After several trials of back calculation, different physical properties of crushed limestone 
(base course) and silty clay layer soil (subgrade) have been determined for the analytical 
solution. 
  The cohesion of soil in the unreinforced zone (subgrade),   = 25 kPa (Chen, 2007) 
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The cohesion of soil in the reinforced zone (base),   = 5 kPa (due to fine particles) 
The friction angle of soil in the unreinforced zone,   = 25 (Chen, 2007) 
The friction angle of soil in the reinforced zone,   = 50 (Nazzal, 2007) 
The embedment depth of the footing,    = 0 
To calculate the punching shear coefficient,    and the mobilized friction angle, δ, Figure 5.2 
proposed by Meyerhof and Hanna (1978) can be used. 
 
Figure 5.2: Coefficients of punching shear resistance under vertical load (after Meyerhof and 
Hanna, 1978) 
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5.5 Comparison between Analytical and Experimental Results 
The ultimate bearing capacity of the different unpaved test sections were computed from the 
analytical solution, using the case (c) failure mode of reinforced soil foundation (after Wayne et 
al., 1998). The definition of ultimate bearing capacity in analytical solution is 10% settlement 
Tables 5.1 through 5.3 present the bearing capacity values obtained from analytical solutions and 
were determined from the in-box static plate load experimental tests for 304.8 mm (12 in.), 457.2 
mm (18 in.), and 203.2 mm (8 in.) base course layers, respectively. The bearing capacity ratio 
(BCR) values are also calculated and presented in the tables. Comparison between the BCR 
values of three different thickness base course layers have been presented in Figure 5.3 through 
Figure 5.5.  
Table 5.1: Ultimate bearing capacity and BCR for 304.8 mm thick base course layer at 19 mm 
(s/D=10%) settlement 
Test No. 
qu(exp) 
(kPa) 
qu(anal) 
(kPa) 
Error (%) 
BCR 
(exp.) 
BCR 
(anal.) 
1 Unr 1700 1936.97 -13.94 1.00 1.00 
2 BX1100 1760 2042.35 -16.04 1.04 1.05 
3 BX1200 1960 2074.84 -5.86 1.15 1.07 
4 BX1500 2220 2095.49 5.61 1.31 1.08 
5 TX5 1800 2053.28 -14.07 1.06 1.06 
6 TX6 2240 2208.79 1.39 1.32 1.14 
7 TX7 2400 2235.06 6.87 1.41 1.15 
8 BXG10 1800 2043.52 -13.53 1.06 1.06 
9 BXG11 2080 2079.36 0.03 1.22 1.07 
10 BXG12 2120 2132.8 -0.60 1.25 1.10 
11 RS580i 2440 2342.37 4.00 1.44 1.21 
12 RS380i 2380 2172.17 8.73 1.40 1.12 
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Table 5.2: Ultimate bearing capacity and BCR for 457.2 mm thick base course layer at 19 mm 
(s/D=10%) settlement 
Test No. 
qu(exp) 
(kPa) 
qu(anal) 
(kPa) 
Error (%) 
BCR 
(exp.) 
BCR 
(anal.) 
23 Unr 3100 2563.41 17.31 1.00 1.00 
24 BX1200 3300 2675.86 18.91 1.06 1.04 
25 TX5 3400 2662.88 21.68 1.10 1.04 
26 TX7 3600 2840.78 21.09 1.16 1.11 
27 BXG11 3400 2692.43 20.81 1.10 1.05 
28 RS580i 3700 2960.03 20.00 1.19 1.15 
 
 
 
Table 5.3: Ultimate bearing capacity and BCR for 203.2 mm thick base course layer at 19 mm 
(s/D=10%) settlement 
Test No. 
qu(exp) 
(kPa) 
qu(anal) 
(kPa) 
Error (%) 
BCR 
(exp.) 
BCR 
(anal.) 
39 Unr 1150 1654.04 -43.83 1.00 1.00 
40 BX1200 1350 1790.16 -32.60 1.17 1.08 
41 TX5 1300 1767.93 -35.99 1.13 1.07 
42 TX7 1450 1943.18 -34.01 1.26 1.17 
43 BXG10 1250 1754.29 -40.34 1.09 1.06 
44 BXG11 1350 1792.15 -32.75 1.17 1.08 
45 BXG12 1440 1841.25 -27.86 1.25 1.11 
46 RS580i 1580 2055.95 -30.12 1.37 1.24 
47 RS380i 1520 1881.41 -23.78 1.32 1.14 
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Figure 5.3: Comparison between experimental and analytical BCR values for the 304.8 mm (12 
in.) thick base course layer with single layer of different types of reinforcements placed at the 
base-subgrade interface. 
 
 
Figure 5.4: Comparison between experimental and analytical BCR values for the 457.2 mm (18 
in.) thick base course layer with single layer of different types of reinforcements placed at the 
base-subgrade interface. 
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Figure 5.5: Comparison between experimental and analytical BCR values for the 203.2 mm (8 
in.) thick base course layer with single layer of different types of reinforcements placed at the 
base-subgrade interface. 
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CHAPTER 6: ANALYSIS AND RESULTS OF REPEATED LOAD TRIAXIAL TESTS 
This chapter will present the results and analysis of the repeated loading experimental work 
carried out on the MTS machine on two-layer specimens (base course over subgrade materials). 
The experimental testing program was conducted to characterize the behavior of geosynthetic 
reinforced base course materials over subgrade materials under cyclic loading. The first part of 
the chapter contains the results of a single-stage repeated loading characterization, while the 
second part includes the results and analysis of a multi-stage repeated loading characterization. 
6.1 Single-Stage RLT Tests 
A two-layer soil system contains subgrade materials at the bottom with a base course layer at 
the top of specimens. Three different types of two-layer specimens were selected for laboratory 
testing. Single-stage repeated load triaxial (RLT) tests were carried out on unreinforced and 
geosynthetic reinforced two-layer (base course over subgrade) specimens. For the reinforced 
cases, TX5, TX7 geogrids and RS580i geotextiles were used. In all the tests, the reinforcement 
was placed at the interface of the subgrade and base course layer as described earlier in Figure 
3.13. 
The confining pressure and peak cyclic stresses for each case were selected based on results 
of field measurements and preliminary experimental studies. For the base material, the confining 
pressure used was 21 kPa (3 psi) (Nazzal, 2007), while for the subgrade material, and the 
confining pressure used was 14 kPa (2 psi) (Mohammad et al, 2005). Since this research study 
considers a composite material of base over subgrade specimens, we selected a confining 
pressure of 17 kPa (2.5 psi). To obtain the peak cyclic stress, several preliminary experimental 
tests were first conducted on the composite specimens. In every case, a bulging failure occurred 
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in the composite specimen. This bulging basically occurred on the subgrade sublayer of 
composite specimens. Figure 6.1 presents a photo of the bulging failure of the composite 
material. After numerous test attempts on composite material, it was decided to use a peak cyclic 
stress of 63 kPa (9 psi) for Case I, 84 kPa (12 psi) for Case II, and 105 kPa (15 psi) for Case III 
specimen configuration. 
 
Figure 6.1: Bulging failure of composite material 
Figures 6.2 through 6.4 present the curves of the vertical permanent strain versus the number 
of cycles obtained for the different RLT cases. The curves represent the average of two samples 
with the coefficient of variation being equal to or less than 10%. The coefficient of variation is 
defined as the standard deviation divided by the sample mean. The curves in the figure are 
arranged to compare the geosynthetic type (geometry) of each specimen for each case. Figure 6.2 
represents results of the two-layer reinforced unpaved specimens (Case I), which consist of a 4-
in. base aggregate layer over an 8-in. subgrade layer; Figure 6.3 presents results of Case II 
specimens with 6-in. base aggregate layer over a 6-in. subgrade layer; and Figure 6.3 presents 
results of Case III specimens with an 8-in. base aggregate layer over a 4-in. subgrade layer.  
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Figure 6.2: Permanent strain curve for Case I testing specimen* 
 
Figure 6.3: Permanent strain curve for Case II testing specimen* 
 
*These results give the composite (pseudo) values of permanent strain of the two-layer 
specimen. It would be better if it was possible to measure the permanent strain of each layer and 
compared that with the composite value. 
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Figure 6.4: Permanent strain curve for Case III testing specimen* 
According to the previous studies (Werkmeister 2003, Nazzal 2007, and Austin 2009), the 
permanent deformation curve has two distinct stages. In the primary stage, the material 
accumulates most of the permanent deformation. In this stage, the particles re-arrange 
themselves due to induced stresses which cause larger initial deformation. During the second 
stage (secondary stage), the material accumulates a much lower rate of permanent strain; it 
almost seems like the material reaches a limiting value. The highest benefit obtained from the 
inclusion of the reinforcement is found in the secondary stage. This shows that the reinforcement 
benefits are generated through aggregate properties such as shape, interlocking, and particle 
friction mechanisms. 
From Figures 6.2 through 6.4, one can observe that the reinforcement RS580i yielded the 
most favorable results, when compared to an unreinforced case of composite specimen. The 
RS580i also performed better than the other two reinforcements cases (TX 5 and TX 7) used in 
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this research study.  It can be seen also that TX 7 of a higher tensile modulus geogrid performs 
better than TX 5 geogrid of a lower tensile modulus. All the geosynthetic materials used in this 
research study were placed at the base-subgrade interface. It is obvious that high tensile modulus 
geosynthetic materials perform better than the lower ones. Tables 6.1 to 6.3 summarize the 
results of single-stage RLT for the three cases (Figures 6.2 to 6.4) and also present the mean of 
the test results. Figures 6.5 through 6.7 present the average permanent strain obtained for the 
different geosynthetic material used in three different specimen cases. 
Table 6.1: Case I specimen at 10000 cycle (4 in. base over 8 in. subgrade) 
Sample 
Vertical Permanent Strain @ 2.5psi 
confining 9psi deviatoric stress (%) 
Average 
(%) 
Unreinforced (1) 2.379 
2.621 
Unreinforced (2) 2.863 
TX-5 (1) 2.128 
2.109 
TX-5 (2) 2.089 
TX-7 (1) 1.966 
1.993 
TX-7 (2) 2.020 
RS580i (1) 1.694 
1.668 
RS580i (2) 1.641 
 
Table 6.2: Case II specimen at 10000 cycle (6 in. base over 6 in. subgrade) 
Sample 
Vertical Permanent Strain @ 2.5psi 
confining 12psi deviatoric stress (%) 
Average 
(%) 
Unreinforced (1) 2.134 
2.243 
Unreinforced (2) 2.352 
TX-5 (1) 1.945 
1.922 
TX-5 (2) 1.898 
TX-7 (1) 1.843 
1.788 
TX-7 (2) 1.733 
RS580i (1) 1.432 
1.455 
RS580i (2) 1.478 
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Table 6.3: Case III specimen at 10000 cycle (8 in. base over 4 in. subgrade) 
Sample 
Vertical Permanent Strain @ 2.5psi 
confining 15psi deviatoric stress (%) 
Average 
(%) 
Unreinforced (1) 3.419 
3.236 
Unreinforced (2) 3.052 
TX-5 (1) 2.516 
2.533 
TX-5 (2) 2.549 
TX-7 (1) 2.352 
2.303 
TX-7 (2) 2.253 
RS580i (1) 2.194 
2.176 
RS580i (2) 2.158 
 
 
Figure 6.5: Case I specimen at 10000 cycle (4 in. base over 8 in. subgrade) 
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Figure 6.6: Case II specimen at 10000 cycle (6 in. base over 6 in. subgrade) 
 
 
 
 
Figure 6.7: Case III specimen at 10000 cycle (8 in. base over 4 in. subgrade) 
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Figures 6.8 through 6.12 present the mean percentage of the RPS values obtained at 100, 
1000, 3000, 5000 and 10,000 load cycles. Based on the result of RPS values, the largest benefit 
generated by the RS580i was 37% at 10000 load cycles for Case II specimens. From the RPS 
results, it is clear that at 100 cycles, there is no definite trend. This is may be due to the fact that 
the first 100 cycles are still in the first stage where the accumulation of permanent strain is high. 
Once this stage is complete and the mechanism of interlocking has been generated, the most 
reduction in permanent strain (secondary stage) can be seen. The reinforcement benefit induced 
was dependent on geosynthetic types, tensile modulus, and geometry in specimen. The RS580i 
geotextile of highest tensile modulus caused the largest RPS value, while the TX geogrid caused 
the smallest RPS. It is noted that the RPS values increase as the number of cycles increase, 
especially for geotextile RS580i. This is due to the stretching effect of the RS580i geotextile. 
The largest RPS values were obtained at the Case II samples. As the cycle increases RS580i in 
Case II, the samples yielded more benefits than the other two geogrids. In Figures 6.8 to 6.12, 
there are three different cases. In each case, there are also three different deviatoric stress 
applied. For Case I, 63 kPa (9 psi); for Case II, 84 kPa (12 psi); and for Case III, 105 kPa (15 psi) 
deviatoric stress applied. As the loading condition is different in different samples, so it is quite 
difficult to analyze the benefit of all the samples in a same platform. In overall, RPS at 10000 
cycle, geotextile RS580i has the higher benefit than TX5 and TX7 geogrids.  
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Figure 6.8: RPS at 100 Load Cycles 
 
Figure 6.9: RPS at 1000 Load Cycles 
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Figure 6.10: RPS at 3000 Load Cycles 
 
Figure 6.11: RPS at 5000 Load Cycles 
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Figure 6.12: RPS at 10000 Load Cycles 
6.2 Multi-Stage RLT Tests 
Multi-Stage RLT tests were also performed on unreinforced and geosynthetic reinforced two-
layer test specimens. The main achievement of the multi-stage RLT tests was to further 
characterize the deformation behavior of the material at different stress levels. The multi-stage 
RLT tests were also used to observe the behavior of the reinforced sample when compared to the 
unreinforced case. 
As described earlier in Table 3.8 on the stress level of multi-stage RLT tests, twenty two (22) 
multi-stage RLTs were performed in this research study on reinforced and unreinforced two-
layer specimens. Figure 6.13 presents the result of a multi-stage RLT test of unreinforced two-
layer specimens, tested in three cases as a number of cycles against accumulated permanent 
strains. The figure clearly illustrates the eight different stress levels and confirms that the 
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permanent strain is strongly dependent on the stress levels. A higher deviatoric stress caused a 
greater accumulation of plastic deformation. Only a crushed limestone sample reached the 8
th
 
stage of the test. A pure subgrade soil sample failed at the beginning of the 4
th
 stage. 
Unreinforced Case I and Case II samples also failed on the 4
th
 stage. Case III samples reached 
the 5
th
 stage. Figures 6.14 through 6.16 represent the result of multi-stage RLT for the three 
different reinforced case samples that were used in the research study. It is beneficial to 
determine the reinforcement on two-layer specimens, as well. For the geosynthetic reinforced 
specimens, the location of the geosynthetic was kept constant at the interface of the two layers. 
The reinforcement benefit for multi-stage tests followed the same findings as the Single-Stage 
RLT tests. The RS580i geotextile proved to yield the highest resistance against permanent 
deformation, while the TX5 geogrid gave the lowest resistance. For Case I, the unreinforced 
specimen failed at the beginning of 4
th
 stage; the TX7 failed at the beginning of the 5
th
 stage, and 
the RS580i reinforced specimen failed at the beginning of the 6
th
 stage. For Case II, the 
unreinforced specimen failed at the middle of the 4
th
 stage; while the TX7 reinforced specimens 
failed at the beginning of the 5
th
 stage; and the RS580i reinforced specimen failed at the middle 
of the 6
th
 stage. For case III samples, the unreinforced specimens failed at the beginning of the 5
th
 
stage, and the TX7 reinforced specimens also failed at the middle of the 5
th
 stage, whereas the 
RS580i reinforced specimens failed at the beginning of the 7
th
 stage.  
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Figure 6.13: Multi-Stage RLT tests 
 
Figure 6.14: Multi-Stage RLT tests for Case I samples (4 in. base over 8 in. subgrade)  
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Figure 6.15: Multi-Stage RLT tests for Case II samples (6 in. base over 6 in. subgrade)  
 
 
Figure 6.16: Multi-Stage RLT tests for Case III samples (8 in. base over 4 in. subgrade)  
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6.3 Resilient Deformation 
Figures 6.17 through 6.19 depict the average resilient strain curves obtained from a multi-
stage RLT test for the three different case specimens. These curves were obtained from identical 
tests, carried out for the permanent deformation tests of the three different cases (Cases I, II, and 
III) with unreinforced, geotextile RS580i reinforced specimens, and geogrid TX7 reinforced 
specimens. Further, the same location of geosynthetic material was used, i.e., at the interface of 
base-subgrade, two-layer specimens. In each case, the curve obtained for the unreinforced 
specimens is shown as a reference. The resilient strain for both the unreinforced and geosynthetic 
reinforced samples initially increased through the first two hundred cycles. Then it slowly 
decreased to reach an asymptote, roughly around the 4000-6000 load cycles range. This is 
described as a steady, resilient response. Figure 6.17 through 6.19 demonstrates similar results 
obtained by previous researchers such as Perkins et al. (2002) and Abu-Farsakh et al. (2007). The 
improvement of the resilient strain by the inclusion of the geosynthetic layer was found to be 
moderate in two-layer composite material. Since the resilient behavior of a granular material is 
based on individual grains (Werkmeister et al. 2002), the benefit generated by the geosynthetic 
was not expected. However, there was a good improvement of the resilient strain response, as 
shown in the figures. The unreinforced sample produced the highest resilient strain, while the 
reinforced samples produced slightly less resilient strains. Amongst the three different cases, the 
RS580i reinforced specimens produced a lower resilient strain than the TX7 reinforced 
specimens.  
It should be mention here that the residual strain obtains in multi-stage RLT tests for the two-
layer specimen gives a composite (pseudo) value of the two-layer specimen. It would have been 
better if it was possible to measure the residual strain of each-individual layer in the specimens, 
so that the performance of each layer in the specimen can be evaluated separately. 
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Figure 6.17: Resilient Deformation Curve for Case I sample (4 in. base over 8 in. subgrade)  
 
Figure 6.18: Resilient Deformation Curve for Case II sample (6 in. base over 6 in. subgrade)  
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Figure 6.19: Resilient Deformation Curve for Case III sample (8 in. base over 4 in. subgrade)  
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CHAPTER 7: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
7.1 Summary 
The potential benefit of using geosynthetic material in a pavement structure has been 
recognized, discussed, and analyzed in this research study. This study was conducted to assess 
the improvement effects generated by geosynthetic materials to stabilize subgrade and/or 
reinforce base course layers in unpaved roadways. The improvements in terms of an increase in 
the bearing capacity, as well as an increase in the stiffness of an unpaved test section were 
evaluated through this research study. Eleven different types of geosynthetic materials (geogrids 
and geotextiles) were used to stabilize/reinforce unpaved test sections in the in-box static plate 
load test. In addition, three types of geosynthetic material were selected and used in single-stage 
and multi-stage repeated loading triaxial tests. The objectives of this study were achieved 
through conducting experimental testing programs to investigate the behavior of unreinforced 
and geosynthetic reinforced unpaved test sections and the behavior of unreinforced and 
geosynthetic reinforced two-layer specimens. 
7.2 Conclusions 
Based on the results of the present study, the following conclusions can be drawn: 
 The bearing capacity ratio (BCR) increases with the increase in higher tensile modulus 
geosynthetic reinforcement (up to 1.53).  
 Placing the geosynthetic material in the double location yielded the largest improvement. 
The upper one third locations yielded higher improvements. 
 Geosynthetic material beyond the effective length (3.0~4.0 D) results in insignificant 
mobilized tensile strength, and thus provides a negligible reinforcement benefit. 
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 The inclusion of reinforcement redistribute the applied load to a wider area, thus 
minimizing stress concentration, while achieving a more uniform stress distribution. 
 A triaxial geogrid performs with better results than a biaxial geogrid. It may be due to 
junction efficiency, because triaxial geogrid junction efficiency is 100%, whereas biaxial 
geogrid junction efficiency is 93%. 
 The inclusion of reinforcement redistributes the applied load to a wider area, thus 
minimizing stress concentration, while achieving a more uniform stress distribution. The 
stress distribution angle (𝛼) increases from 27 to 35 . 
 The inclusion of geosynthetic reinforcement reduces the permanent deformation in the 
base-subgrade, two-layer specimens. Using geosynthetic reinforcement at the base 
subgrade interface, 37% benefits were achieved, compared with unreinforced specimens.   
7.3 Recommendations 
This research study is a detailed work of unpaved geosynthetic reinforcement in pavement 
structure. Due to time constraints, this study cannot address the entire list of factors related to 
geosynthetic reinforcement. The following research studies are recommended: 
 Further research work is recommended to study the behavior of geosynthetic material in 
different base course materials and different subgrade conditions. 
 Further research effort is recommended to evaluate the performance of different types of 
geosynthetic materials in large-scale, unpaved field tests. 
 It is recommended that future research should thoroughly investigate the interaction 
properties between the geosynthetic and both the subgrade and base course layers. 
Additional research effort is recommended to characterize the geosynthetic-influenced 
zone. 
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 Future research is recommended to investigate the analytical solution for use in the 
geosynthetic reinforced, unpaved sections. More research is recommended to analyze the 
failure mechanism of a two-layer soil system. 
 An additional research effort is recommended to investigate the behavior of the two-layer 
soil system under RLT tests, using different types of geosynthetic material for different 
base and subgrade materials/conditions.  
 It is recommended to use an instrumentation capable of measuring the vertical and lateral 
displacements of individual materials in the two-layer specimens to study the 
performance of each material on the overall composite (pseudo) behavior.  
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APPENDIX: EXAMPLE CALCULATION FOR ANALYTICAL SOLUTIONS 
To illustrate the analytical model, example calculations are presented for single layer of 
RS580i geotextile placed at the interface of base-subgrade layer. 
The following data are given: 
D = 0.1905 m, Df = 0 m, d = 0.3048 m, γb = 15.77 KN/m
3, γt = 22.64 KN/m
3
, J = 1313 KN/m 
(average value in machine and cross-machine direction), ε = 2% (assume). 
The following data are back calculated: 
cb = 42 kPa, ca = 5 kPa, φb = 25 , φt = 50 
Step 1: The tension developed in the reinforcement: 
T = Jε = 26.26 KN/m. 
Step 2: Calculating the ultimate bearing capacity of silty clay layer: 
q2 = 1.3cbNc + γt(Df+d)Nq + 0.3γbDNγ = 1.3x42x25.13 + 22.64x0x12.72 + 
0.3x15.77x0.1905x8.34 = 1379.61 kPa 
Step 3: Calculating the ultimate bearing capacity of limestone layer: 
q1 = 1.3caNc + γt(Df+d)Nq + 0.3γtDNγ = 1.3x5x347.5 + 22.64x0x415.14 + 
0.3x22.64x0.1905x1072.80 = 3646.82 kPa 
Step 4: Calculating punching shear coefficient,    and the mobilized friction angle, δ: 
 q2/q1 = 0.38, from Figure 5.2,    = 17 and δ = 36 . 
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Step 5: Calculating the ultimate bearing capacity of the underlying unreinforced silty clay: 
                            = 1.3x42x25.13 + 22.64x(0+0.3048)x12.72 + 
0.3x15.77x0.1905x8.34 = 1467.39 kPa 
Step 6: Calculating the ultimate bearing capacity of the reinforced section: 
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      = 2342.37 kPa 
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